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Abstract 
 Cell behavior is influenced by a multitude of extracellular factors including chemistry, 
mechanics, and geometry.  Engineered microenvironments can be used to assess a wide range of 
such influences on cell behavior and identify parameters for future implementation into tissue 
engineered scaffolds.  The first goal of this work was to develop a new method for fabricating 
topographically patterned hydrogels for use as engineered microenvironments for cells.  
Polyacrylamide gels were cast from silicon masters by a process that involved ultrasonically 
vibrating the master during polymerization.  Gels were then covalently modified with an even coat 
of collagen.  The second goal of this work was to use combinatorially patterned hydrogels to 
demonstrate the influence of topography, in the form of arrays of micron-scale posts, on several 
quantitative measures of cell morphology.  Square post patterning was shown to be the most 
influential for directing cell orientation.  Narrow gaps between posts had the greatest influence on 
elongation and on directing the placement of cell extensions.  When seeded on substrates with gaps 
larger than 10 μm, cells were found in the quasi-three dimensional environment between posts 
rather than on top.  The cell morphology results provide parameters for the design of substrates 
and scaffolds intended for influencing cell-cell communication, directing extracellular matrix 
deposition, and for extending cell mechanics studies into three dimensions, while the methods 
presented can be extended to design engineered microenvironments with precisely controlled 
chemistry, mechanics, and geometry. 
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Chapter 1: Introduction and Background 
1.1 motivation 
 Understanding and guiding cell behavior is crucial to advancing the field of tissue 
engineering.  Cells are not isolated entities whose behaviors are entirely defined by their genes, but 
rather are influenced – and often directed by – extracellular factors including hormones, growth 
factors, interactions with neighboring cells, and interactions with the extracellular matrix (ECM) 
[1,2].  Ideally, cells would be observed and evaluated in vivo, accounting for all the complexities of 
that environment.  Unfortunately, in vivo work is challenging, costly, and often requires sacrificing 
numerous animals.  In vitro, cells can be isolated and examined in a much more controlled 
environment. 
 Tissue culture methods provide several advantages over in vivo work, including precise 
control over physiochemical conditions (including pH, temperature, osmotic pressure, and oxygen 
tension), use of homogenous and well-characterized populations of cells, lower cost, and the ability 
to examine multiple factors simultaneously [3].  These benefits come at the cost of extracellular 
interactions critical to understanding cell behavior.  Conventional polystyrene or glass surfaces are 
poor models for the extracellular matrix (ECM) [1,2,4,5].  However, advances in bioengineering, 
materials science, and microfabrication technologies are enabling the development of in vitro 
microenvironments that better model the complex spatial, mechanical, and chemical conditions of 
in vivo environments [6].  Improved platforms for cell culture not only lead to a better 
understanding of cell behavior in vivo, but also contribute to the design of scaffolds for tissue 
replacements [1].  
 A scaffold serves as a template; a synthetic ECM that organizes and directs cells to form the 
desired tissue [7].  Scaffold materials should be biocompatible, have mechanical properties 
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appropriate to the tissue it replaces, and should functionally integrate with existing tissue [8].  
While in vivo studies are ultimately necessary to demonstrate the efficacy of any potential scaffold, 
engineered in vitro microenvironments can be used to evaluate a wide range of factors to identify 
specific design parameters at an early stage in development, at lower cost, and with more control. 
 Scaffolds can be seeded with cells and evaluated directly in vitro, but this method has many 
drawbacks compared with conventional, two dimensional culture techniques.  Most cells in the 
body are within 100 μm of a blood vessel for nutrients, but scaffolds are designed to fill a defect and 
are typically on the order of centimeters in size.  The transport of oxygen, nutrients, proteins and 
waste products in vitro is limited by diffusion [1,2].  Bioreactors may be used to fully perfuse the 
scaffold, but diffusion gradients still exist, resulting in inhomogeneous cell populations.  Standard 
biological techniques like protein assays and RNA extraction are more difficult with three 
dimensional cultures, as is imaging [2].  Two dimensional, but topographically patterned 
microenvironments with precisely controlled chemical and mechanical properties are promising 
alternatives to three dimensional scaffolds [6,9].  In this work, cells are grown on substrates with 
topographic patterns with micron-scale features. 
1.2 topography and cell behavior 
 A number of reviews describe the influence of substrate topography on cell behavior [10-
15].  These include attachment, spreading, proliferation, migration, and, of particular relevance to 
scaffold development, ECM deposition [11,16-19].  Exactly how topographical cues are sensed and 
translated into cell responses is unknown, but the process likely involves altered cytoskeletal or 
even nuclear shape [14].  Cell shape, through cytoskeletal structure, impacts cell behavior [5,20], 
and has specifically been shown to influence the differentiation of isolated mesenchymal stem cells 
(MSC) towards adipocyte (fat cell) or osteoblast (bone-forming cell) lineages [21]. 
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1.3 hydrogels as cell substrates 
 Hydrogels provide a promising material for both tissue engineered scaffolds and novel in 
vitro platforms for cell culture.  These swollen polymer networks are mostly water by volume and 
are architecturally similar to tissue and ECM [7,8].  Many are chemically inert and will not interact 
with proteins or cells, but are nonetheless easily modified to contain covalently linked proteins or 
functional groups.  The mechanical properties can be precisely tuned based on monomer 
concentration and crosslink density [7].  Finally, hydrogels begin as a liquid prepolymer that can be 
cast with specific geometric patterns. 
 The use of a topographically patterned hydrogel mitigates many of the drawbacks 
associated with two-dimensional cultures.  With conventional surfaces, cells are polarized such that 
only their basal side interacts with ECM, while only their dorsal side is exposed to media.  
Hydrogels are permeable to media and small nutrients, enabling the cell to exchange soluble factors 
in all directions.  When the substrate is patterned with topographical features, cell-matrix 
adhesions are not restricted to just a flat surface.  When those features are on the scale of microns, 
cells may interact mechanically [22] and even deform to fit between the features [23].  Such cells 
are in a quasi-three dimensional environment, but without many of the drawbacks associated with 
scaffold materials mentioned above.  Additionally, the three dimensional environment can be cast 
to contain features with precisely defined geometry, whereas discussion of microenvironments in 
many scaffold materials is limited to pore structures [8].  In this work, single hydrogels are 
patterned to contain multiple arrays of posts with varying shapes and dimensions. 
 A number of methods for fabricating hydrogels with micron-scale [22,24-32] and 
submicron-scale [33-38] topographic features have been published.  These substrates were 
typically polyethylene glycol (PEG) [24,27,28,30-37] or polyacrylamide [22,29].  Most of these 
studies focused exclusively on fabrication.  Only a few published procedures for chemical 
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modification of the surface [22,24,26,30].  An almost entirely separate group of papers described 
cell attachment [22,31-33,35,37], but usually in qualitative terms.  When compared to glass 
controls, these unmodified hydrogel surfaces supported a significantly lower number of cells than 
conventional surfaces [33,35] and, in fact, Schulte et al. [32] stated that their substrates were not 
suitable for long-term cell adhesion. 
1.4 polyacrylamide hydrogels as cell substrates 
 Polyacrylamide is an attractive material for cell culture because its elastic modulus can be 
tuned to precisely match that of even the softest tissue.  In particular, it is widely used in cell 
mechanics studies requiring highly compliant substrates [39,40].  Benefits of polyacrylamide 
include linear elastic behavior for large strains, precise and reproducible control over the elastic 
modulus, excellent transparency, little interaction with proteins or cells unless specifically 
modified, and porosity that allows the flow of media and provides a more physiologic environment 
than conventional solid, rigid surfaces [41].  It is rarely used in vivo because, among other reasons, 
it does not degrade, but that property makes it useful for long-term in vitro studies in which 
conditions must remain constant. 
 Polyacrylamide prepolymer consists of an aqueous solution of acrylamide monomer and 
N,N’-methylenebisacrylamide (bis) crosslinker in a buffer solution.  Polymerization is typically 
initiated with the addition of ammonium persulfate and N,N,N’N’-tetramethylethylenediamine 
(TEMED), though photoactivated initiators have also been used [40].  Polyacrylamide is usually cast 
between flat cover glasses, one of which is modified to form covalent bonds with the polymerized 
gel.  Polymerization takes roughly 30 min at room temperature.  The gels have precise and 
reproducible mechanical properties based on the concentrations of acrylamide monomer and bis in 
the prepolymer solution [39-41]. 
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1.4.1 fabrication 
 A primary challenge of this work was to develop a method to cast micrometer-scale features 
into a hydrogel.  A handful of studies have accomplished this, but with different methods.  PDMS is 
frequently used in microfabrication studies, largely due to the ease with which it can be cast against 
silicon.  A few studies have used PDMS molds for micropatterned hydrogels [27-29,36,42-44] but 
the material has a number of drawbacks.  First, it’s extremely hydrophobic [33], making 
polymerization of anything in aqueous solution difficult.  Chandra et al. [36] successfully addressed 
this problem by ‘pre-polymerizing’ the solution briefly before pouring over the mold.  Second, 
PDMS is permeable to gas and small molecules, though not water.  In particular, oxygen, which 
inhibits the polymerization of polyacrylamide [33], remains trapped in PDMS.  Some researchers 
[27,28] took advantage of the permeability by using methanol as a solvent for the prepolymer.  The 
methanol is drawn up and into the master, pulling the polymer up into voids.  However, using non 
aqueous solvents may cause the PDMS to swell and change shape [45].  Others simply allow for 
extremely long polymerization times [22,29]. 
 Difficulties in using PDMS have led some researchers to use other materials, such as 
polyurethane acrylate.  Several researchers have [33-35] have used polyurethane acrylate to create 
polyethylene glycol hydrogels patterned with features as small as 50 nm.  However, these patterns 
are not exact inverse replicas of the master.  Instead, a balance between capillary pressure and 
surface tension results in tiny posts that polymerize in shapes that do not fill voids in the master, 
but in a shape that’s still predictable and repeatable [38]. 
 Many studies simply report using etched silicon as molds for hydrogels [24,30,37].  Silicon 
is much more fragile than polyurethane acrylate or PDMS, and if damaged, an entirely new master 
must be fabricated.  This is expensive, time consuming, and requires special facilities and training.  
However, if the master can be kept clean and undamaged, this method avoids the intermediate step 
6 
 
of creating a polymer mold.  In this study, a single silicon master was used to fabricate all the 
hydrogels discussed with no noticeable degradation in quality. 
1.4.2 surface modification 
 Polyacrylamide is biologically inert and must be chemically modified to support cell 
attachment.  Most commonly, a heterobifunctional crosslinker called sulfosuccinimidyl-6-(4’-azido-
2’-nitrophenylamino)hexanoate (sulfo-SANPAH) is used to covalently link proteins to the surface of 
the hydrogel [40].  A thin layer of sulfo-SANPAH in solution is spread across the top of the hydrogel.  
On one end of the crosslinker is a phenylazide group that, upon exposure to ultraviolet light, reacts 
with many otherwise inert materials.  The opposite end of sulfo-SANPAH contains a succinimidyl 
ester group, which reacts with amine groups.  Lysine, an amino acid present in many proteins, 
contains such an amine group.  Following conjugation of sulfo-SANPAH to the surface of 
polyacrylamide, proteins are added in a droplet and attach covalently across the surface [40,41]. 
 Sulfo-SANPAH has several drawbacks, including high cost, limited shelf life, poor solubility 
in water, rapid decrease in activity when dissolved in water, and dependence on lamp power during 
exposure [40,46].  A number of alternative functionalization procedures have been reported, 
including copolymerization of polyacrylamide with functional groups that either crosslink directly 
with proteins [47] or can be crosslinked to proteins with further treatment [39,40]. 
 A particularly attractive alternative to sulfo-SANPAH was described by Damljanović et al. 
[46].  Polyacrylamide gels were soaked in hydrazine hydrate, a powerful reducing agent that 
converts acrylamide groups into hydrazide groups.  These hydrazide groups can react directly with 
aldehyde or ketone groups, which can be introduced on protein surfaces.  Damljanović et al. achieve 
this by oxidizing collagen in a solution with sodium m-periodate before introducing it to the gel 
surface. 
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 In this work, the procedure reported by Damljanović et al. [46] was modified to avoid the 
oxidation step in favor of a more frequently used bioconjugation technique.  A fraction of 
acrylamide groups in the gel were converted to hydrazide groups by soaking in hydrazine hydrate 
[46,48].  Proteins were covalently linked to the hydrazide groups using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) [49].  
EDC reacts with proteins containing carboxylate groups, present on aspartic acid and glutamic acid, 
and forms an active ester intermediate.  This then reacts with hydrazide groups on the surface of 
polyacrylamide, linking the protein directly to the gel.  Addition of NHS protects the active ester 
intermediate, which would otherwise break down rapidly in water [49].  The method presented 
here avoids the step of protein oxidation and is based on a widely-used protein conjugation 
technique. 
1.5 scope 
 The purpose of this work was two-fold: to describe an improved method for fabrication of 
micropatterned polyacrylamide substrates, and to demonstrate how such substrates influence cell 
behavior.  Hydrogels were cast using a simple, ultrasonic-assisted method that produced exact 
inverse replicas of the silicon master.  Collagen was evenly conjugated across the surface of the 
hydrogels using an easier, cheaper method than most other published methods for polyacrylamide 
substrates.  These in vitro microenvironments provide a platform for the evaluation of how specific 
chemical, mechanical, and geometric features influence cell behavior.  This was demonstrated by 
quantitatively assessing a range of cell morphological responses to combinatorially patterned 
substrates.  The hydrogels contained 26 hexagonal and 26 square post arrays with post and gap 
widths ranging from 1 to 20 μm.  Specific feature shapes and sizes were identified for future 
applications in creating three dimensional substrates, influencing cell orientation, and controlling 
the placement of cell extensions.  Ultimately, these features could be incorporated into scaffold 
designs to improve tissue regeneration. 
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Chapter 2. Methods 
2.1 silicon master fabrication 
 A 4 in diameter, 525 μm thick N-type silicon wafer featuring 52 different 8 x 8 mm arrays of 
hexagonal and square pits was fabricated.  Wafers were coated with AP8000 adhesion promoter 
(Dow Chemicals, Midland, MI).  MicroPosit S1813 photoresist (Shipley, Marlborough, MA) was 
applied at a spin speed of 4000 rpm for a final resist thickness of approximately 1.4 μm, soft baked 
at 110°C for 2 min, then exposed using an H-Line UV mask aligner for 5 s with the mask under hard 
contact.  Exposed wafers were developed using undiluted MF319 developer (Shipley) for 40 s and 
hardbaked for 5 min at 110°C.  The wafers were then descumed for 60 s using a Jupiter reactive ion 
etcher (March Instruments, Concord, CA) and oxygen/argon plasma with gas flow rates of 2 sccm 
and 1 sccm, respectively, with a power of 100 W.  Silicon was etched with a Plasma-Therm SLR 770 
ICP (Plasma-Therm, St. Petersburg, FL) using a Bosch process, then cleaned using a piranha bath 
(70% H2SO4 / 30% H2O2) for 10 min at 110°C.  Finally, the wafer was placed in a vacuum jar and 
treated with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilanein (MicroChem, Newton, MA). 
 Nominal post and gap sizes were defined by the photomask.  Nominal pit depth was 
determined with the use of a scanning electron microscope (FEI Philips XL30 ESEM-FEG, 
Hillsborough, OR).  
2.2 polyacrylamide substrates 
2.2.1 fabrication 
 The prepolymer solution contained 8% w/v acrylamide (Bio-Rad, Hercules, CA) and 0.3% 
w/v bis (Bio-Rad) in 25 mM HEPES-buffered saline (Lonza, Walkersville, MD).  Polymerization was 
initiated with the addition of 1/200 vol. 10% ammonium persulfate (Bio-Rad) and 1/2000 vol. 
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TEMED (Bio-Rad).  The solution was carefully mixed by pipette, avoiding bubbles because oxygen 
inhibits polymerization. 
 A ring of polydimethylsiloxane (PDMS) (Dow Corning, Midland, MI), roughly ½ in thick and 
with an inner diameter of 4 in (slightly larger than the silicon master) was placed into a 150 mm 
diameter plastic culture dish (Fisher Scientific, Waltham, MA).  The prepolymer was poured inside 
the PDMS ring.  The wafer carefully placed floating, pattern-down, on the solution.  If large bubbles 
were observed from the bottom of the dish, the wafer was lifted off and carefully replaced.  A total 
of 20 ml prepolymer solution was placed in the dish before adding the wafer.  After positioning the 
wafer, roughly 5 ml were removed with a micropipette. 
 The entire dish was placed, floating, in a sonicating water bath (Fisher Scientific), for a total 
of 5 min.  The ultrasonic vibration burst tiny air bubbles that remained in the silicon master, 
allowing the prepolymer to fill all the space in the patterns.  Following sonication, the dish was 
placed on a flat surface for an additional 25 min.  The gel was carefully peeled off the master and 
submerged in several changes of 25 mM HEPES-buffered saline to wash out any unpolymerized 
material.  All gels described were cast from the same silicon master. 
2.2.2 surface modification 
 Polyacrylamide was modified for cell attachment using a procedure modified from 
Damljanović et al [1].  The gels were submerged in reagent-grade hydrazine hydrate (Sigma-
Aldrich, St. Louis, MO) overnight, which converts a fraction of the otherwise inert acrylamide 
groups to reactive hydrazide groups [2].  Buffer solution was observed to slowly diffuse out of the 
gel, so the hydrazine hydrate was replaced after 1-2 h to ensure the reagent did not get watered 
down.  Gels were neutralized in 5% glacial acetic acid for 30 min, then soaked over the next 24 h in 
at least four changes of conjugation buffer consisting of 0.1 M 2-morpholinoethanesulfonic acid 
(Sigma-Aldrich) and 0.5 M sodium chloride, pH 5.0.  Each gel was cut into sections with a razor and 
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placed in three separate 10 cm tissue culture plates, then sterilized under a germicidal ultraviolet 
lamp.  Each dish received 15 ml of a solution consisting of 0.1 mg/ml collagen type I from rat tail 
(BD Biosciences, San Jose, CA), 2 mM EDC (Thermo Fisher Scientific, Rockford, IL), and 5 mM NHS 
(Thermo Fisher Scientific) in conjugation buffer and left overnight at room temperature.  EDC 
crosslinks carboxyl groups on the protein exterior to hydrazide groups on the gel surface [3]. 
2.2.3 control substrates 
 Chemically modified cover glasses were used as rigid control substrates.  No. 2, 12 mm 
round cover glasses (VWR, West Chester, PA) were cleaned in a soap solution, rinsed several times 
in distilled water and dried.  The glass was functionalized with methacrylate groups, which behave 
chemically similar to the acrylate groups on the surface of polyacrylamide.  Substrates were 
submerged in 2% vol. 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) in 95% ethanol, pH 5 
adjusted with acetic acid for 2 min, rinsed with 100% ethanol, then placed on a 65°C hotplate for at 
least 5 min [4].  Surfaces were treated with hydrazine hydrate and conjugated with collagen using 
the same procedure described above for polyacrylamide.  Areas between patterns on 
polyacrylamide were considered flat gel controls. 
2.2.4 swelling ratio 
 Polyacrylamide gels swell following polymerization.  Swelling depends on the polymer 
chain length (which depends on the acrylamide concentration), the crosslinking density (which 
depends on the bis concentration), and the salt content of the solvent.  Three brightfield images of 
each shape/post size/gap size combination were collected with a Retiga 2000R camera (QImaging, 
Surrey, BC, Canada) mounted on a Leica DMI 4000B inverted microscope (Leica Microsystems, 
Wetzlar, Germany) following cell culture and fixation (see section 2.4 below).  From each image, 
three measurements of post width and three measurements of gap width were determined using 
NIH ImageJ software.  Pixel number was converted to length using the image of a calibration scale 
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imaged with the same microscope settings.  Measurements were compared using three-way, 
univariate analysis of variance (ANOVA) and Tukey means analysis.  See section 2.6 for more details 
on statistical methods. 
 For post height measurements, a separate gel was cast and modified with collagen.  Cells 
were not seeded on the substrate, but the gel was treated for fixation and stained (see section 2.4, 
below), sectioned with a razor, placed on a microscope slide, and imaged while still hydrated.  A 
total of 22 measurements were taken from seven randomly-chosen shape/post size/gap size 
combinations.  The swelling ratios were defined as the measured dimensions divided by the 
nominal dimensions, and were statistically evaluated with one sample t-tests. 
2.2.5 verification of collagen conjugation 
 To ensure that the patterns on polyacrylamide were evenly coated with collagen, gels were 
functionalized with a mixture of 0.095 mg/ml type I collagen and 0.005 mg/ml type IV collagen 
from human placenta, fluorescein conjugate (Invitrogen, Carlsbad, CA).  Engler et al. [5] and 
Damljanović et al. [1] both used fluorescently-conjugated collagen IV for similar purposes.  Control 
gels were incubated with the collagen mixture, but without EDC or NHS.  Thus, control gels 
contained only collagen that adsorbed to the surface of the gel.  Following conjugation, gels were 
washed multiple times with phosphate buffered saline (PBS) until the pH reached 7.4.   Substrates 
were imaged in brightfield and with 495 nm excitation through a 521 nm filter using the same 
microscope described above (section 2.2.4).  Images were tinted green with ImagePro software 
(MediaCybernetics, Bethesda, MD) prior to analysis.  Images from eight different shape/post 
size/gap size combinations were analyzed for covalent collagen conjugation, and three different 
shape/post size/gap size combinations for adsorbed collagen. 
 Pairs of brightfield and fluorescent images were first uploaded into Macromedia Fireworks 
(Adobe Systems, San Jose, CA).  Post outlines were traced in the brightfield image, then overlaid on 
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the fluorescent image.  NIH ImageJ software was then used to measure the intensity from 5 posts 
and 5 gaps.  Post and gap measurements were adjacent to one another such that they could be 
compared with paired sample t-tests.  Substrates with covalently linked collagen were compared to 
controls with a two sample t-test. 
2.3 cell culture 
 Gels were rinsed in PBS and soaked for 24 h in at least four changes of Dulbecco’s Minimum 
Essential Medium modified to contain 4 mM L-glutamine, 4500 mg/L glucose, and 1 mM sodium 
pyruvate (DMEM) (UIUC Cell Media Facility, Urbana, IL) following collagen conjugation and stored 
in a humidified, 5% CO2 incubator at 37°C.  D1 ORL UVA mouse mesenchymal stem cells (ATCC, 
Manassas, VA) were expanded in T-75 culture flasks under DMEM plus 10% fetal bovine serum 
(Gemini Bio-Products, West Sacramento, CA), and 100 U/ml penicillin-streptomycin (Invitrogen).  
Cells between passage 3 and 8 were seeded at 2 x 105 per dish in 15 ml media and cultured for 12-
24 h in a humidified, 37°C incubator with 5% CO2.  At this density, cells were usually separated by 
distances greater than 50 μm.  As cell morphology may be influenced by physical contact or by 
sensation of traction forces from neighboring cells [6], only isolated cells were considered in the 
analysis. 
2.4 fixation and imaging 
 Cultures were rinsed in PBS and fixed with 10% neutral-buffered formalin (Sigma-Aldrich) 
for 10 min.  After five more rinses in PBS, the surface of the gels were covered with Sanderson’s 
Rapid Bone Stain (Surgipath, Richmond, IL) for approximately 2 min, then rinsed 5 times again with 
PBS.  The stain colors cell cytoplasm blue.  Because the gels were too thick to view under high 
magnification with an inverted microscope, the gels were flipped and transferred to a clean well 
plate, cell-side down, into a clean dish.  Care was taken to avoid loosening or deforming cells by 
scraping the gel along the dish or excessively deforming it during transfer.  Cells were imaged in 
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brightfield.  Three independent cell cultures with every shape/post size/gap size combination and 
three glass control substrates were analyzed. 
2.5 quantification of cell morphology 
 Cell morphology was assessed using multiple quantitative measures.  Only cells that were in 
focus, physically separated from neighboring cells, and not undergoing mitosis were considered. 
2.5.1 spreading 
 Cells were identified as either spread, spreading, or round.  Spread cells were defined as 
having one or more prominent extensions and a flattened morphology.  In other words, they 
appeared strongly adhered to the substrate.  Spreading cells were identified as having mostly 
rounded cell bodies but at least one visible extension. These cells may have recently split and are 
reattaching to the substrate, or they may have been in the process of detaching from the surface.  
Round cells were completely circular, but still were likely attached to the substrate – if not, they 
would have washed away during the multiple rinses with PBS.  The percentages of cells classified as 
spread for each shape/post size/gap size combination were compared using 3-way ANOVA.  Only 
cells identified as spread were used in the other analyses. 
2.5.2 cell body location 
 Cell bodies were classified as being in one of three possible locations: 1) entirely on a single 
post, 2) on top of posts and spanning at least one gap, or 3) entirely within a gap (between posts).  
Three-way ANOVA was used to determine the influence of patterning on cell body location. 
2.5.3 shape factors 
 Ten spread cells from each shape/post size/gap size were randomly chosen for shape 
analysis.  ImageJ was used to trace the perimeter of each of these cells and calculate area and 
perimeter.  Circularity was defined by the following equation: 
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𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 = 4𝜋
𝑎𝑟𝑒𝑎
 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟  2
 (eq. 1)  
 Circularity is a dimensionless parameter ranging from 0 (a perfect line) to 1 (a perfect 
circle).  Results were analyzed with 3-way ANOVA. 
2.5.4 elongation and orientation 
 The Feret diameter, reported by ImageJ, is defined as the longest line between any two 
points on the cell perimeter.  ImageJ also reported the minimum Feret diameter, defined as the 
length of a line between the tangents of two points with the greatest orthogonal distance from the 
Feret diameter.  The aspect ratio was defined as the Feret diameter divided by the minimum Feret 
diameter.  A larger aspect ratio indicates a cell that is stretched in one direction and thin in the 
other.  Both the Feret diameter and aspect ratio were used as measures of elongation.  Three-way 
ANOVA was used to determine the influence of patterning on each of these quantities.  
 Cell orientation was defined by the angle of the Feret diameter with respect to the substrate.  
Due to pattern symmetry, cell orientation ranged from 0-30° on hexagonal substrates and 0-45° on 
square substrates.  Because the data are not normally distributed and have different ranges, 
nonparametric statistical tests were necessary for analysis.  One sample Wilcoxon signed rank tests 
were used to determine whether orientation was equal to 15° or 22.5° on hexagonal and square 
patterns, respectively, because those would be the median values of an even distribution.  If 
patterning did influence orientation, the median would shift likely shift.  Kruskal-Wallace ANOVA 
was used to determine the influence of post size and gap size on orientation. 
2.5.5 cell extensions 
 Prominent extensions emanating from all spread cells were identified and classified as 
being 1) entirely aligned with a gap, 2) mostly aligned with a gap, 3) aligned with a gap for less than 
half its length, or 4) not at all aligned with a gap.  Additionally, the distal end of each cell extension 
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was identified as being aligned with a gap or not.  Only substrates with 1, 2, or 5 μm gaps were 
evaluated, because these dimensions were roughly at the scale of the extensions or smaller.  
Alignment in wider gaps would have been difficult to define, because the extensions were typically 
much thinner than the gaps and were overwhelmingly located entirely in gaps anyway.  The 
influence of patterning on the percentages of each classification was analyzed by 3-way ANOVA. 
2.6 statistics 
 All measurements compared with 3-way, univariate ANOVA were evaluated using the 
anovan function in Matlab R2006b (The MathWorks, Natick, MA).  Shape, post size, and gap size 
were the defined factors.  ANOVA determines the variance due to each factor and partitions it 
appropriately, then reports whether the mean measured quantities within each factor are different 
from one another [7].  Tukey post-hoc means analysis, the multcompare Matlab function, was 
then used to determine the statistical relationships between means within each factor.  These 
statistical tests identify the influence of a single pattern element (e.g. 10 μm gap size) regardless of 
all others (e.g. shape and post size).  Multiway ANOVA is often also used to determine the influence 
of interactions between factors (e.g. shape and gap size), but this is only possible when the 
experiment is a complete factorial design [7].  These data form an incomplete factorial design 
because there are missing possible combinations of post size and gap size (e.g. 20 μm posts and 1 
μm gaps).  Where appropriate, the results of Tukey means analysis were compared to flat gel and 
glass controls using one sample t-tests.  The full results of these tests are located in Appendix B. 
 Origin Pro 8 (OriginLab, Northampton, MA) was used for statistical tests involving vertical 
substrate swelling, collagen conjugation, and orientation.  Orientation measurements involved the 
use of nonparametric tests [8].  In particular, Kruskal-Wallace ANOVA is used to determine the 
influence of post size and gap size.  This is not ideal, because when looking at one factor, the 
variance of the other factor is not controlled, but it provides a good approximation. 
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 All results in the text are reported as mean ± standard error.  Three dimensional bar plots 
describe the means of all measureables with error bars showing standard deviation to convey the 
spread of the data.  Accompanying scatter plots display the results of means analysis with error 
bars that are twice the standard error, which is a rough estimate of the confidence interval.  Unless 
otherwise noted, p < .01 was considered statistically significant. 
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Chapter 3. Results 
3.1 polyacrylamide substrate characteristics 
 The silicon master contained 52 different patterns of pits with varying shape, width, and 
spacing.  Each combination covered an 8 x 8 mm square on the wafer.  The resulting polyacrylamide 
castings consisted of arrays of posts, half of which were hexagonal and half square.  The nominal 
width of posts ranged from 3 to 20 μm, separated by gaps ranging from 1 to 20 μm.  The experiment 
formed an incomplete factorial design because not every possible combination of post size and gap 
size were tested.  Fig. 3.1a illustrates the combinations investigated.  Fig. 3.1b and 3.1d show 
scanning electron micrographs of two patterns on the silicon master, and Fig. 3.1c and 3.1e show 
images of the resulting polyacrylamide gel. 
 
 
Fig. 3.1. Combinations of nominal post and gap dimensions present on the molded hydrogel are represented 
as shaded squares (a).  Dimensions are in μm.  Scanning electron microscope images of representative 
hexagonal (b) and square (d) patterns on the silicon master and corresponding examples of cast hydrogels (c,e).  
Scale bar is 5 μm for b and d, and 20 μm for c and e. 
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3.1.1 swelling ratio 
 Nominal depths of the pits were measured to be 5.1 μm from the scanning electron 
micrograph images.  Vertical measurements of the hydrogel posts were statistically larger, 
averaging 5.61 ± 0.12 μm, a swelling ratio of 1.10. 
 For swelling analysis in the other two directions, nominal dimensions less than 3 μm were 
not considered, as this is near the resolution of the imaging system used.  Three-way ANOVA of post 
size and gap size swelling measurements showed that shape influenced the swelling ratio in all 
cases, so hexagonal and square shapes were considered separately.  Swelling ratios, defined as the 
measured dimension divided by the nominal dimension, were compared to 1.0 with one-sample t-
tests.  Hexagonal post size, hexagonal gap size, and square post size were found to swell roughly 
10%.  For simplicity, further results are described using nominal dimensions.  The swelling ratio of 
square gap sizes were statistically equivalent to zero.  Results are summarized in Table 3.1, below. 
 
Table 3.1. Swelling ratios of each dimension 
dimension   n mean std dev std err t df p 
vertical  22 1.092 0.122 0.026 3.533 21 0.002 
          
hexagonal 
post  42 1.096 0.040 0.006 15.738 41 <0.001 
gap  42 1.047 0.043 0.007 6.990 41 <0.001 
          
square 
post  44 1.140 0.050 0.008 18.555 43 <0.001 
gap  44 0.992 0.047 0.007 -0.118 43 0.907 
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3.1.2 verification of collagen conjugation 
 Fluorescently-labeled type IV collagen coated posts and gaps evenly on all substrates 
examined, shown using paired t-tests.  Thus, topography did not influence the distribution of 
collagen, and the quantitative measures of cell morphology reported below can be attributed to the 
influence of substrate geometry and not local differences in collagen density.  Images from 
substrates with collagen that was conjugated to polyacrylamide with EDC/NHS crosslinking were 
brighter than adsorbed controls, as shown using two sample t-tests.  The fluorescence intensity 
from control substrates averaged just 20.28% and 23.54% of crosslinked substrates on posts and in 
gaps, respectively.  Representative images from the analysis and a graphical representation of 
measurements are shown in Fig. 3.2 below. 
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Fig. 3.2. Representative fluorescent images of substrates with evenly coated with bound collagen (a,b,c) and 
passively adsorbed collagen (d).  Posts are outlined in white.  Scale bar is 50 μm.  Mean fluorescence intensities 
of molded hydrogels containing covalently-linked collagen (solid black lines, square markers) and adsorbed 
collagen (grey dashed lines, circle markers) (e).  Intensities measured on posts and in gaps were statistically 
equivalent within each sample, indicating uniform coating regardless of topography.  Fluorescence was 
significantly higher on crosslinked samples than on adsorbed control samples. 
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3.2 quantification of cell morphology 
3.2.1 spreading 
 Fig. 3.3a illustrates examples of cells categorized as spread, spreading, and round.  Three-
way ANOVA indicated that gap size influenced the percentage of cells identified as spread, while 
post size and shape had no effect.  Tukey analysis revealed that the proportion of cells spread on 1 
and 2 μm gaps was significantly less than the proportion spread on 10 and 15 μm gaps, summarized 
in Fig. 3.3b-d.  Thus, smaller gaps appear to impair spreading. 
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Fig. 3.3. Examples of cells classified as spread, spreading, and rounded (a).  Asterisks denote cells adhered to 
flat hydrogel controls.  Scale bar is 50 μm.  Mean percentage of cell bodies classified as spread on hexagonal (b) 
and square (c) substrates.  Error bars show standard deviation.  Percentage of cells classified as spread 
depending on shape (d), post size (e), and gap size (f) as determined by 3-way ANOVA and Tukey means analysis.  
Error bars show 2x standard error.  Only gap size influenced the proportion of spread cells.  Brackets denote 
statistical significance. 
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3.2.2 cell body location 
 Cell bodies were identified as being in one of three possible locations: 1) entirely on a single 
post, 2) touching several posts and spanning at least one gap, or 3) entirely in a gap and between 
posts.  Examples of each are shown in Fig 3.4a.  Only 1.70% of cells were categorized as being on a 
single post, and further analysis focused on the proportion of cells identified as being entirely 
within a gap.  Small gaps did not support cell bodies; just 3.21 ± 1.47% of cells on substrates with 5 
μm gaps were located within the gaps, and no cells at all were found in 1 or 2 μm gaps.  The results 
from 1, 2, and 5 μm gaps were not considered in statistical analysis due to low or null variance.  Fig. 
3.4b-d graphically shows the results from ANOVA.  An average of 54.4 ± 1.69% of cell bodies on 
substrates with 10 μm gap sizes were located in gaps, statistically fewer than substrates with 15 or 
20 μm gaps.  Post size also influenced the percentage of cell bodies identified as being in gaps.  
Statistically fewer cells, 46.98 ± 4.05%, were located between 3 μm posts than on substrates with 
any other post size.  Thus, cell bodies on substrates with posts larger than 3 μm and gaps larger 
than 10 μm are most likely to be located in gaps. 
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Fig. 3.4. Examples of cell bodies classified as being on a post, covering both posts and gaps, and being 
entirely within a gap (a).  Scale bar is 50 μm.  Mean percentage of cell bodies classified as being entirely in a gap 
on hexagonal (b) and square (c) substrates.  Error bars show standard deviation.  Gap sizes smaller than 5 μm 
were omitted because means and variances were near zero.  Mean percentage of cell bodies classified as being 
entirely in a gap depending on shape (d), post size (e), and gap size (f) as determined by 3-way ANOVA and 
Tukey means analysis.  Error bars show 2x standard error.  Shape did not influence the proportion of cell bodies 
located in gaps, but post size and gap size did.  Asterisks denote statistical significance. 
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 Qualitatively, many cell bodies appear deformed to fit between posts.  These cells, with 
hydrogel substrate on multiple sides, are in a three dimensional environment. 
3.2.3 shape factors 
 Ten randomly selected spread cells from each pattern were considered in the following 
analysis of shape factors.  Pattern shape and gap width influenced the cell area, as shown in Fig. 3.5.  
Cells on hexagonal patterns spread over an average of 500.86 ± 15.20 μm2, while cells on squares 
spread 579.23 ± 15.20 μm2.  Cells on substrates with 15 and 20 μm gaps were found to spread 
across a larger area than cells on 2 or 5 μm gaps when a less stringent, but still widely-accepted, 
statistical threshold was used (p < .05).  Cell area on flat gel controls was statistically similar to all 
patterns.  However, cells on rigid glass spread over an average of 1457.02 ± 293.45 μm2, 
significantly higher than most patterns, but also with a larger variance.  Patterning did not influence 
cell perimeter (Fig. 3.6) or circularity (Fig 3.7).  Cells spread over a larger area on substrates with 
square posts and larger gap sizes, but patterning did not influence perimeter or circularity. 
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Fig. 3.5. Mean area of cells on hexagonal (a) and square (b) substrates.  Error bars show standard deviation.  
The influence of shape (c), post size (d), and gap size (e) on cell area as determined by 3-way ANOVA and Tukey 
means analysis.  Error bars show 2x standard error.  Shape (p < .01) and gap size (p < .05) influenced cell area.  
Brackets denote statistical significance. 
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Fig. 3.6. Mean perimeter of cells on hexagonal (a) and square (b) substrates.  Error bars show standard 
deviation.  The influence of shape (c), post size (d), and gap size (e) on cell area as determined by 3-way ANOVA 
and Tukey means analysis.  Substrate geometry did not influence cell perimeter.  Error bars show 2x standard 
error. 
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Fig. 3.7. Mean circularity of cells on hexagonal (a) and square (b) substrates.  Error bars show standard 
deviation.  The influence of shape (c), post size (d), and gap size (e) on cell area as determined by 3-way ANOVA 
and Tukey means analysis.  Substrate geometry did not influence circularity.  Error bars show 2x standard error. 
 
3.2.4 elongation and orientation 
 The same ten cells from each pattern selected for shape analysis were used for the analysis 
of elongation and orientation.  The Feret diameter, illustrated with a dashed line in Fig 3.8a-b, was 
used as the basis for these measurements.  Cell orientation was defined as the angle of the Feret 
diameter with respect to the substrate.  One sample Wilcoxon signed rank tests showed that 
hexagonal substrates did not induce a net orientation among cells, but square substrates did. This is 
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illustrated by histograms in Fig. 3.8c-d, below.  The histogram for cells on hexagonal substrates (Fig. 
3.8c) is relatively flat across all angles, while the histogram for square substrates (Fig. 3.8d) is 
skewed in the direction of 0°.  This alignment corresponds to the direction of gaps.  Neither post 
size or gap size influenced cell orientation according to the analysis.  Tables  3.2 and 3.3 show the 
results of the Wilcoxon signed rank and Kruskal-Wallace statistical tests, respectively. 
 Cell elongation was described by the Feret diameter and the aspect ratio.  Substrate 
patterning did not influence the Feret diameter (Fig. 3.8g-i), but did influence aspect ratio (Fig. 3.9).    
Cells seeded on substrates with 1 and 2 μm gaps had a higher aspect ratio than on larger gaps.  
Additionally, cells on square substrates had a higher aspect ratio than cells on hexagonal substrates 
(p < .05).  Thus, square substrates with narrow gaps tended to elongate cells as measured by the 
aspect ratio, but not Feret diameter. 
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Fig. 3.8. The Feret diameter (dashed black line) of cells in relation to the reference angle of hexagonal (a) 
and square (b) substrates.  Cell perimeters were outlined in white for clarity.   Histograms of cell orientation on 
hexagonal (c) and square (d) patterns.  Mean Feret diameter of cells on hexagonal (e) and square (f) substrates.  
Error bars show standard deviation.  Influence of shape (g), post size (h), and gap size (i) on Feret diameter as 
determined by 3-way ANOVA and Tukey means analysis.  Error bars show 2x standard error.  Substrate 
geometry did not influence the Feret diameter. 
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Table 3.2. Influence of pattern geometry on orientation 
pattern   n min Q1 median Q3 max W Z p 
hexagonal 
 
260 0.024 6.035 14.274 22.209 29.914 15310 -1.363 0.173 
square 
 
260 0.040 5.323 17.660 31.837 44.998 12650.5 -3.554 0.004 
 
 
Table 3.3. Influence of post and gap size on orientation 
pattern   n min Q1 median Q3 max   χ
2
 df p 
hexagonal 
post 
size 
3   40 0.024 7.494 10.47 23.26 29.62   
1.154 4 0.886 
5  50 0.332 6.786 15.73 19.59 29.91  
10  60 0.119 2.524 13.64 23.37 29.84  
15  60 0.459 4.700 13.50 23.39 29.89  
20  50 0.043 7.254 16.31 21.40 29.62  
                          
             
gap 
size 
1  40 0.594 6.392 13.47 23.27 29.84  
4.248 5 0.514 
2  50 0.024 7.410 16.30 22.16 29.59  
5  50 0.043 5.983 12.10 23.17 29.91  
10  50 0.181 4.526 11.68 18.84 29.89  
15  40 0.854 6.515 11.97 22.02 29.20  
20  30 0.329 9.625 17.73 25.40 29.62  
                            
              
square 
post 
size 
3  40 0.766 5.784 23.17 29.45 41.86  
3.405 4 0.492 
5  50 0.040 9.843 23.00 36.79 44.81  
10  60 0.478 5.695 13.84 29.49 44.63  
15  60 0.063 5.328 17.79 34.76 45.00  
20  50 0.460 3.605 14.03 31.00 44.05  
                          
             
gap 
size 
1  40 0.040 2.556 8.49 28.18 44.50  
7.822 5 0.166 
2  50 0.063 3.782 14.39 27.40 44.63  
5  50 0.766 8.787 23.21 32.97 44.63  
10  50 0.600 5.288 16.61 32.71 45.00  
15  40 0.478 8.843 22.83 33.82 44.81  
20  30 0.690 7.220 20.73 32.83 43.82  
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FIgure 3.9.  Mean aspect ratio of cells on hexagonal (a) and square (b) patterns.  Error bars show standard 
deviation.  Influence of shape (c), post size (d), and gap size (e) on aspect ratio as determined by 3-way ANOVA 
and Tukey means analysis.  Error bars show 2x standard error.  Brackets denote statistical significant differences 
in the aspect ratio due to gap size (e) (p < .01).  Additionally, hexagonal shapes are different from square shapes 
at p < .05 (c). 
 
3.2.5 cell extensions 
 The placement and direction of cell extensions was influenced by pattern shape, post size, 
and gap size.  Every prominent extension from every spread cell on substrates with 1, 2, or 5 μm 
gaps was classified as one of four types: 1) entirely aligned with a gap, 2) more than half aligned 
with a gap, 3) less than half aligned with a gap, or 4) not at all aligned with a gap.  Examples of each 
39 
 
are illustrated in Fig. 3.10a, and the full results are displayed in Fig. 3.10b-d.  More extensions were 
fully aligned with square gaps, 48.60 ± 2.67%, than with hexagonal gaps, 38.81 ± 2.59%.  Gap size 
also had a significant effect on the proportion of extensions that were completely aligned, with 
66.78 ± 3.14% of extensions aligned with 5 μm gaps, compared 9.29 ± 3.56 and 35.05 ± 3.03% with 
1 and 2 μm gaps, respectively. 
 
Fig. 3.10. Examples of cell extensions classified as entirely in a gap (black arrows), more than half in a gap 
(black arrowheads), less than half in a gap (grey arrowheads), or not at all in a gap (white arrowheads) (a).  Scale 
bar is 50 μm.  Percentage of extensions entirely aligned  with gaps (black), more than 50% aligned (dark gray), 
less than 50% aligned (light gray), or not aligned at all (white) (b-d).  Gap sizes 10 μm and larger were omitted 
from this analysis.  Shape (b) and gap size (d) influenced the percentage of extensions entirely aligned with gaps.  
Post size (c) and gap size (d) influenced the percentage of cells not at all aligned with gaps.  Brackets denoting 
statistical significance are omitted for clarity. 
  
 Cells on patterns with 5 μm gaps also had a lower proportion of extensions that were not at 
all aligned with a gap, 12.10 ± 2.18%, than cells on 1 and 2 μm gaps, which were 28.39 ± 2.47 and 
28.93 ± 2.10%, respectively.  Post size also influenced this metric.  Statistically more extensions on 
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substrates with 20 μm posts were never aligned (38.00 ± 3.60%) than on substrates with 3 and 5 
μm posts (p < .01), and 10 and 15 μm posts (p < .05). 
 When cell extensions were aligned with a gap at any point along their length, they tended to 
be aligned at the distal end.  The proportion of extensions that terminate aligned with a gap were 
counted and compared with 3-way ANOVA. Post and gap size, but not shape, were shown to 
influence this metric.   Fewer extensions ended in gaps between 20 μm posts (61.54 ± 3.83%) than 
between 3 or 5 μm posts (83.41 ± 2.88 and 84.84 ± 2.88%, respectively).  A significantly greater 
proportion of extensions terminated in 5 μm gaps, 87.18 ± 2.31% than in either 1 or 2 μm gaps.  
These results are illustrated in Fig. 3.11. 
 Analysis of all extensions showed that substrates with 5 μm gaps had the highest tendency 
to direct cell extensions, while 20 μm posts had the least.  Square patterns were more effective than 
hexagonal patterns at influencing the location of extensions along their entire length, though the 
distal end tended to be in a gap regardless of shape. 
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Fig. 3.11. Mean percentage of cell extensions that terminate in and aligned with a gap on hexagonal (a) and 
square (b) substrates.  Error bars show standard deviation.  Only nominal gap dimensions of 1, 2, and 5 μm were 
examined.  Influence of shape (c), post size (d), and gap size (e) on the percentage of extensions that terminate 
aligned with a gap.  Post size and gap size influenced the proportion of extensions.  Error bars show 2x standard 
error.  Brackets denote statistical significance. 
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Chapter 4. Discussion 
4.1 polyacrylamide substrate characteristics 
4.1.1 fabrication 
 In this study, ultrasonic stimulation was applied during part of the polymerization process.  
To our knowledge, this is the first use of ultrasonication in casting hydrogels.  Several other 
methods were explored before settling upon ultrasonication and a silicon master.  Variations of the 
partial pre-polymerization method, including the addition of methanol as a solvent with PDMS 
masters, were attempted but were not successful.  In fact, even in a vacuum and with nonaqueous 
solvents, polymerization was not achieved with PDMS masters (data not shown).  Polymerization 
was successful on silicon masters, but even with partial pre-polymerization and casting under 
vacuum, polyacrylamide did not form a complete inverse replica of the wafer.  Air bubbles always 
remained trapped in the pits.  Ultrasonic vibration burst those bubbles, enabling the prepolymer 
solution to completely fill the pits and polymerize to form an exact inverse replica.   
 The polyacrylamide formulation in this study had an approximate elastic modulus of 31.2 
kPa according to characterization by Boudou et al. [1,2].  This stiffness corresponds to 
measurements of the elastic modulus of osteoid (premineralized bone tissue) and has been shown 
to direct MSCs to differentiate towards an osteoblastic lineage by Engler et al. [3]. 
4.1.2 surface modification 
 Hydrogels such as polyacrylamide and polyethylene glycol are considered useful because of 
their inert nature, so cell adhesion is largely limited to experimentally-controlled chemistry [4-6].  
A number of previous studies of topographically patterned hydrogels reported methods for 
chemical modification, but not cell attachment [7-9].  Oddly enough, several other studies report 
cell attachment without chemical modification [10-13].  In those cases, authors attributed cell 
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adhesion to increased protein adsorption on otherwise protein-repellant material, due to increased 
hydrophobicity of the surface [10-12,14-16].  Kim et al. [12] demonstrated the increased adsorption 
using fluorescently-conjugated proteins.  However, cell adhesion was significantly lower on 
patterned gels than on glass.  In fact, Schulte et al. [11] and Kim et al. [15] state that their substrates 
were not suitable for long term adhesion. 
 Neither the number nor the adhesion strength of attached cells were examined in this study, 
but a number of observations support the case that chemical modification with collagen enhances 
cell attachment.  First, few cells were observed attached to unmodified surfaces, and none were 
observed to be spread on those surfaces (data not shown).  Second, the percentages of spread cells 
on all patterns were statistically equivalent to glass controls.  Cell area was significantly lower on 
hydrogels, but this is common on compliant surfaces [17].  Finally, previous studies attribute 
increased protein adhesion to the increased hydrophobicity of the surface [10-12,14,16].  The 
hydrophobicity of these hydrogel surfaces was not investigated, but measurements of fluorescently 
conjugated collagen demonstrated a higher protein density when crosslinked with EDC/NHS than 
with passive adsorption. 
4.2 quantification of cell morphology 
 In this work, emphasis is placed on quantitative descriptions of cell spreading and 
morphology to a wide range of patterns.  The handful of previous studies that examine cell 
spreading on hydrogels were limited to just a few patterns each and only presented qualitative 
descriptions of spreading [18,10-13].  Here, systematic variation of geometry and multi-way 
univariate ANOVA was used to attribute how specific topographic parameters direct cell 
morphology.   
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4.2.1 cell body location 
 Cell bodies tended to be located in gaps when gaps were large enough to accommodate 
them.  Deformation of the cell body, and even the nucleus, to squeeze between posts was previously 
shown by Davidson et al. [19] on rigid substrates.  Cells on such surfaces may be somewhat more 
deprived of nutrients than if they were located on top of posts, but on similarly patterned hydrogel 
substrates they have access to media nutrients in all three dimensions.  Results from this study 
showed that cells are most likely to be located in gaps that are at least 15 μm wide, though roughly 
half the cells on substrates with 10 μm gaps were located within gaps.  Future work using such 
patterns to study cells in three dimensional environments should have features of this size.  On 
substrates with smaller gaps, cells were overwhelmingly in the two dimensional environment on 
top of posts and spanning several gaps. 
4.2.2 cell shape 
 Studies suggest that the shape of a cell is a major determinant of behavior, including ECM 
deposition [20-22].  Gap sizes of 1 and 2 μm were found to direct cells into a more elongated shape, 
as measured by the aspect ratio.  Additionally, the square pattern was shown to have a greater 
influence than hexagonal pattern on both aspect ratio and cell orientation.  This is likely because 
the gaps between square posts are continue in a straight line over long distances, while gaps on 
hexagonal substrates zig-zag back and forth on a scale smaller than the cell.  Thus, these results 
suggest that substrates designed to direct cell orientation and elongation should feature long, 
narrow gaps. 
4.2.3 cell extensions 
 The location of cell extensions was highly dependent on gap geometry.  In fact, extensions 
were frequently observed to follow gaps around corners.  Once again, square gaps were found to 
direct a greater proportion of extensions into alignment.  Extensions were also observed to follow 5 
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μm gaps more frequently than narrower gaps.  Substrates with these features could be used to 
facilitate cell-cell contact through extensions, and possibly even create interconnected cell 
networks for cell-cell communication studies. 
 Future applications may be less concerned with the entire location of the cell extension, but 
maybe just the very distal end.  For instance, the exact shape of a neuronal axon may not matter as 
much as where it forms a synapse with a neighboring cell.  With this in mind, the distal ends of 
extensions were also analyzed.  Cell extensions most frequently ended in 5 μm gaps than in 1 or 2 
μm gaps.  Post size also influenced this, with narrower posts having a greater effect than wider, 
though this may be simply due to the fact that gaps occur more frequently between narrow posts. 
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Chapter 5. Conclusions 
5.1 summary 
 One goal of this work was to develop a new method for fabricating topographically 
patterned hydrogels for use as cell substrates.  Exact inverse replicas were made from a silicon 
master using a simple, one-step sonication technique.  To the author’s knowledge, this is the first 
time sonication has been used to cast hydrogels.  The gels were modified for cell attachment by 
covalently modifying the surface with collagen.  Fluorescence analysis showed that collagen evenly 
coated the entire substrate, so that analysis of cell morphology could be attributed directly to 
topography and not local variations in collagen concentration.  Thus, a simple, one-step method for 
fabricating topographically patterned polyacrylamide and subsequent method for evenly-
distributed protein conjugation were described. 
 The second goal of this work was to demonstrate the ability of topographically patterned 
hydrogels to direct cell behavior through analysis of cell shape.  To the author’s knowledge, this is 
the most extensive analysis of cell morphology on patterned hydrogel substrates and the first to use 
a combinatorial design.  Square post patterning was shown to be the most influential for directing 
cell orientation, while small gaps had the greatest influence on elongation and directing cell 
extensions.  Substrates with gaps larger than 10 μm provided three dimensional environments, 
while cells seeded on substrates with smaller gaps were overwhelmingly spread across the tops of 
posts. 
5.2 future directions 
 The development of in vitro cell culture platforms with precisely controlled geometric, 
chemical, and mechanical microenvironments have a number of applications.  Though the focus of 
this work was on scaffold development, such systems could also be used to create artificial stem cell 
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niches, which are the microenvironments that regulate stem cell behavior [1-6].  Such artificial 
niches could be used in studies of fundamental stem cell behavior, tissue regeneration, and possibly 
the ex vivo cultivation of tissue for transplantation. 
 In this study, the geometric microenvironment was extensively analyzed, but the methods 
could be adapted for hydrogels with varying elasticity or surface treatment with other proteins or 
peptides.  Substrate elasticity influences a wide range of cell behaviors [7-9].  Polyacrylamide, 
which has an elastic modulus that may be tuned from roughly 30 Pa to 50 kPa [10],  has been used 
to show how substrate mechanics influence spreading, adhesion, intracellular signaling, 
cytoskeletal structure, migration, proliferation, and differentiation [11-19].  ECM deposition, which 
is of particular interest in scaffold design, has been shown to be influenced by substrate elasticity 
with studies on polyacrylamide [19], polyethylene glycol [20], and alginate [21]. 
 The surface modification procedure presented here should extend to other adhesion ligands 
such as fibronectin, laminin, or arginine-glycine-aspartic acid peptides, all of which contain the 
carboxylic acid group necessary for conjugation.  A future study could expand upon the work of 
Engler et al. [11], examining the combined influence of substrate elasticity and ligand surface 
density on cell behavior with topographically patterned substrates. 
 Finally, a wide range of other possible micropatterns may be examined with the use of other 
silicon masters.  The minimum feature size attainable with this method was not explored, and nano-
scale features may be possible.  Future work may look at the influence of feature height on cell 
behavior, as only a single post height was examined here.  Other patterns may include straight 
channels, similar to those used in a multitude of other topographic studies and shown to induce 
aligned ECM deposition, but on rigid substrates [22-24].  Topographical micropatterning may also 
be combined with spatial micropatterning of stiffness [25-28] and adhesion ligands [29,30] through 
the use of photolithographic patterning. 
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Appendix A. Data Tables 
 In the following tables, results are often reported as proportions (ranging from 0 to 1) 
rather than percentages.  Note that only ‘flat gel’ and ‘glass with covalent collagen’ were considered 
as controls in data analysis. 
 
Table A.1. Swelling measurements from hexagonal patterns 
nominal   
 
post measurements 
 
gap measurements 
post 
size 
gap 
size n 
 
mean 
std 
dev std err 
swelling 
ratio 
 
mean 
std 
dev std err 
swelling 
ratio 
3 1 3 
 
3.359 0.051 0.029 1.120 
 
0.831 0.086 0.050 0.831 
3 2 3 
 
3.585 0.203 0.117 1.195 
 
1.692 0.142 0.082 0.846 
3 5 3 
 
3.490 0.128 0.074 1.163 
 
5.157 0.278 0.160 1.031 
3 10 3 
 
3.889 0.159 0.092 1.296 
 
10.008 0.311 0.180 1.001 
5 1 3 
 
5.484 0.183 0.105 1.097 
 
0.930 0.184 0.106 0.930 
5 2 3 
 
5.701 0.139 0.080 1.140 
 
1.816 0.172 0.099 0.908 
5 5 3 
 
5.324 0.424 0.245 1.065 
 
5.208 0.532 0.307 1.042 
5 10 3 
 
5.480 0.206 0.119 1.096 
 
10.436 0.192 0.111 1.044 
5 15 3 
 
5.908 0.109 0.063 1.182 
 
15.444 0.328 0.189 1.030 
10 1 3 
 
10.837 0.143 0.082 1.084 
 
1.271 0.508 0.293 1.271 
10 2 3 
 
10.710 0.160 0.092 1.071 
 
1.606 0.441 0.255 0.803 
10 5 3 
 
10.942 0.309 0.179 1.094 
 
4.905 0.156 0.090 0.981 
10 10 3 
 
10.940 0.248 0.143 1.094 
 
10.227 0.078 0.045 1.023 
10 15 3 
 
11.091 0.144 0.083 1.109 
 
15.426 0.401 0.231 1.028 
10 20 3 
 
11.141 0.327 0.189 1.114 
 
20.775 0.543 0.313 1.039 
15 1 3 
 
15.635 0.116 0.067 1.042 
 
1.148 0.056 0.032 1.148 
15 2 3 
 
16.069 0.353 0.204 1.071 
 
1.944 0.334 0.193 0.972 
15 5 3 
 
16.037 0.330 0.190 1.069 
 
5.458 0.293 0.169 1.092 
15 10 2 
 
16.729 0.068 0.048 1.115 
 
10.369 0.278 0.196 1.037 
15 15 3 
 
16.315 0.248 0.143 1.088 
 
15.964 0.440 0.254 1.064 
15 20 3 
 
16.245 0.619 0.358 1.083 
 
21.198 0.297 0.172 1.060 
20 2 3 
 
21.240 0.474 0.274 1.062 
 
2.249 0.356 0.206 1.124 
20 5 2 
 
21.273 0.231 0.163 1.064 
 
5.378 0.055 0.039 1.076 
20 10 3 
 
21.875 0.515 0.297 1.094 
 
10.751 0.159 0.092 1.075 
20 15 3 
 
21.593 0.125 0.072 1.080 
 
16.054 0.836 0.483 1.070 
20 20 2 
 
21.763 0.247 0.175 1.088 
 
20.883 0.068 0.048 1.044 
 
  
56 
 
Table A.2. Swelling measurements from square patterns 
nominal   
 
post measurements 
 
gap measurements 
post 
size 
gap 
size n 
 
mean 
std 
dev std err 
swelling 
ratio 
 
mean 
std 
dev std err 
swelling 
ratio 
3 1 3 
 
3.276 0.012 0.007 1.092 
 
1.043 0.113 0.065 1.043 
3 2 3 
 
6.321 3.948 2.279 2.107 
 
1.205 0.341 0.197 0.603 
3 5 3 
 
3.942 0.045 0.026 1.314 
 
4.602 0.195 0.112 0.920 
3 10 3 
 
4.018 0.359 0.207 1.339 
 
9.977 0.477 0.276 0.998 
5 1 3 
 
5.465 0.254 0.147 1.093 
 
0.725 0.403 0.233 0.725 
5 2 3 
 
5.682 0.087 0.050 1.136 
 
1.811 0.238 0.137 0.905 
5 5 3 
 
5.957 0.051 0.030 1.191 
 
4.733 0.353 0.204 0.947 
5 10 3 
 
5.611 0.038 0.022 1.122 
 
10.282 0.475 0.274 1.028 
5 15 3 
 
6.240 0.416 0.240 1.248 
 
15.214 0.498 0.288 1.014 
10 1 3 
 
10.641 0.271 0.157 1.064 
 
1.039 0.217 0.125 1.039 
10 2 3 
 
10.864 0.091 0.052 1.086 
 
1.994 0.159 0.092 0.997 
10 5 3 
 
11.319 0.122 0.071 1.132 
 
4.594 0.235 0.136 0.919 
10 10 3 
 
11.817 0.190 0.110 1.182 
 
9.782 0.249 0.144 0.978 
10 15 3 
 
11.551 0.126 0.073 1.155 
 
15.212 0.439 0.254 1.014 
10 20 3 
 
11.564 0.445 0.257 1.156 
 
20.814 0.435 0.251 1.041 
15 1 3 
 
16.007 0.560 0.323 1.067 
 
1.363 0.355 0.205 1.363 
15 2 3 
 
16.070 0.277 0.160 1.071 
 
1.989 0.104 0.060 0.994 
15 5 4 
 
16.567 0.174 0.087 1.104 
 
4.939 0.118 0.059 0.988 
15 10 3 
 
16.580 0.171 0.099 1.105 
 
9.985 0.396 0.229 0.999 
15 15 3 
 
17.013 0.134 0.077 1.134 
 
15.093 0.342 0.197 1.006 
15 20 3 
 
17.032 0.630 0.364 1.135 
 
20.628 0.660 0.381 1.031 
20 2 3 
 
21.469 0.449 0.259 1.073 
 
1.947 0.338 0.195 0.974 
20 5 2 
 
21.421 0.283 0.200 1.071 
 
4.864 0.220 0.155 0.973 
20 10 3 
 
22.519 1.202 0.694 1.126 
 
9.945 0.392 0.226 0.994 
20 15 3 
 
22.220 0.460 0.265 1.111 
 
15.557 0.832 0.481 1.037 
20 20 2 
 
22.016 0.149 0.105 1.101 
 
20.413 0.284 0.201 1.021 
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Table A.3. Proportion of cell bodies identified as spread 
   
hexagonal patterns 
 
square patterns 
post 
width 
gap 
width 
 
n mean std dev std err 
 
n mean std dev std err 
3 1 
 
3 0.6439 0.2019 0.1165 
 
3 0.5487 0.1080 0.0624 
3 2 
 
3 0.6106 0.0562 0.0324 
 
3 0.6376 0.1793 0.1035 
3 5 
 
3 0.7208 0.1869 0.1079 
 
3 0.7290 0.0797 0.0460 
3 10 
 
3 0.8310 0.0885 0.0511 
 
3 0.7956 0.0356 0.0206 
5 1 
 
3 0.5781 0.2064 0.1192 
 
3 0.6857 0.1020 0.0589 
5 2 
 
3 0.6683 0.0595 0.0344 
 
3 0.6416 0.1585 0.0915 
5 5 
 
3 0.6707 0.0768 0.0443 
 
3 0.7073 0.2817 0.1626 
5 10 
 
3 0.7898 0.0454 0.0262 
 
3 0.8015 0.0818 0.0472 
5 15 
 
3 0.8028 0.1199 0.0692 
 
3 0.7100 0.1299 0.0750 
10 1 
 
3 0.6095 0.0586 0.0338 
 
3 0.7098 0.0793 0.0458 
10 2 
 
3 0.7319 0.0119 0.0069 
 
3 0.6686 0.0774 0.0447 
10 5 
 
3 0.6920 0.0638 0.0368 
 
3 0.6117 0.0062 0.0036 
10 10 
 
3 0.7034 0.0117 0.0067 
 
3 0.8480 0.0883 0.0510 
10 15 
 
3 0.7991 0.0724 0.0418 
 
3 0.7862 0.0123 0.0071 
10 20 
 
3 0.7610 0.0715 0.0413 
 
3 0.7302 0.0660 0.0381 
15 1 
 
3 0.6704 0.0315 0.0182 
 
3 0.7643 0.0973 0.0562 
15 2 
 
3 0.5892 0.1338 0.0773 
 
3 0.7159 0.1182 0.0682 
15 5 
 
3 0.7017 0.0416 0.0240 
 
3 0.7212 0.0929 0.0536 
15 10 
 
2 0.7083 0.0589 0.0417 
 
3 0.8052 0.0354 0.0204 
15 15 
 
3 0.7783 0.0770 0.0445 
 
3 0.7350 0.0782 0.0452 
15 20 
 
3 0.6921 0.1591 0.0919 
 
3 0.7171 0.0550 0.0317 
20 2 
 
3 0.6127 0.0607 0.0351 
 
3 0.7149 0.1558 0.0900 
20 5 
 
3 0.6069 0.2952 0.1705 
 
2 0.7438 0.0013 0.0009 
20 10 
 
3 0.7090 0.2227 0.1286 
 
3 0.6742 0.0535 0.0309 
20 15 
 
3 0.7850 0.1772 0.1023 
 
3 0.7710 0.0196 0.0113 
20 20 
 
3 0.7575 0.0419 0.0242 
 
2 0.7098 0.0139 0.0098 
            flat gel 
 
3 0.7292 0.0260 0.0150 
unmodified glass 
 
3 0.8882 0.0274 0.0158 
tissue culture-treated polystyrene 
 
3 0.8587 0.0632 0.0365 
glass with covalent collagen 
 
3 0.8160 0.1009 0.0583 
tissue culture-treated polystyrene with adsorbed 
collagen 
 
3 0.8510 0.1128 0.0651 
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Table A.4. Shape factors on hexagonal substrates 
   
area (μm2) 
 
perimeter (μm) 
 
circularity 
post 
size 
gap 
size 
 
mean std dev std err 
 
mean std dev std err 
 
mean std dev std err 
3 1 
 
354.69 216.19 68.37 
 
170.67 68.08 21.53 
 
0.236 0.204 0.064 
3 2 
 
408.03 211.98 67.04 
 
186.56 65.17 20.61 
 
0.188 0.143 0.045 
3 5 
 
464.93 146.53 46.34 
 
183.11 54.91 17.36 
 
0.220 0.167 0.053 
3 10 
 
510.86 151.63 47.95 
 
188.26 76.34 24.14 
 
0.254 0.179 0.057 
5 1 
 
584.78 261.87 82.81 
 
219.67 93.52 29.57 
 
0.192 0.110 0.035 
5 2 
 
310.68 200.91 63.53 
 
183.22 35.66 11.28 
 
0.127 0.100 0.032 
5 5 
 
347.06 261.60 82.72 
 
222.43 94.12 29.76 
 
0.142 0.136 0.043 
5 10 
 
573.10 161.08 50.94 
 
193.97 67.65 21.39 
 
0.230 0.117 0.037 
5 15 
 
633.37 239.76 75.82 
 
218.73 61.88 19.57 
 
0.188 0.091 0.029 
10 1 
 
468.40 171.53 54.24 
 
169.87 67.76 21.43 
 
0.254 0.130 0.041 
10 2 
 
530.28 247.95 78.41 
 
201.18 72.33 22.87 
 
0.182 0.074 0.023 
10 5 
 
370.38 119.58 37.82 
 
186.22 86.55 27.37 
 
0.195 0.119 0.037 
10 10 
 
449.27 378.10 119.57 
 
238.27 113.72 35.96 
 
0.141 0.124 0.039 
10 15 
 
333.12 195.68 61.88 
 
211.41 84.93 26.86 
 
0.162 0.135 0.043 
10 20 
 
464.39 132.17 41.80 
 
176.96 60.44 19.11 
 
0.235 0.157 0.050 
15 1 
 
520.49 221.44 70.02 
 
185.48 85.70 27.10 
 
0.248 0.151 0.048 
15 2 
 
490.27 243.34 76.95 
 
191.15 91.61 28.97 
 
0.201 0.089 0.028 
15 5 
 
586.50 327.97 103.71 
 
217.61 70.25 22.21 
 
0.167 0.072 0.023 
15 10 
 
537.77 153.90 48.67 
 
186.90 44.95 14.22 
 
0.211 0.086 0.027 
15 15 
 
516.81 93.31 29.51 
 
172.73 52.93 16.74 
 
0.255 0.113 0.036 
15 20 
 
549.60 122.80 38.83 
 
192.02 38.87 12.29 
 
0.205 0.085 0.027 
20 2 
 
568.25 260.89 82.50 
 
176.37 53.08 16.79 
 
0.240 0.078 0.025 
20 5 
 
442.29 165.19 52.24 
 
138.49 42.49 13.44 
 
0.339 0.171 0.054 
20 10 
 
520.28 158.60 50.15 
 
179.61 53.94 17.06 
 
0.243 0.132 0.042 
20 15 
 
640.89 141.25 44.67 
 
205.68 64.41 20.37 
 
0.234 0.137 0.043 
20 20 
 
701.06 213.43 67.49 
 
202.47 65.65 20.76 
 
0.241 0.090 0.029 
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Table A.5. Shape factors on square substrates 
   
area (μm2) 
 
perimeter (μm) 
 
circularity 
post 
size 
gap 
size 
 
mean std dev std err 
 
mean std dev std err 
 
mean std dev std err 
3 1 
 
451.04 145.70 46.08 
 
164.60 61.58 19.47 
 
0.257 0.152 0.048 
3 2 
 
362.77 88.34 27.93 
 
132.78 52.37 16.56 
 
0.379 0.305 0.096 
3 5 
 
560.88 162.67 51.44 
 
226.66 60.95 19.28 
 
0.158 0.086 0.027 
3 10 
 
532.10 167.00 52.81 
 
179.12 65.53 20.72 
 
0.256 0.128 0.040 
5 1 
 
468.96 124.98 39.52 
 
194.30 54.26 17.16 
 
0.176 0.070 0.022 
5 2 
 
452.46 86.53 27.36 
 
151.02 27.52 8.70 
 
0.256 0.045 0.014 
5 5 
 
495.77 99.15 31.35 
 
179.47 33.54 10.61 
 
0.201 0.050 0.016 
5 10 
 
511.11 173.55 54.88 
 
183.49 60.82 19.23 
 
0.210 0.071 0.023 
5 15 
 
670.84 182.74 57.79 
 
189.70 33.33 10.54 
 
0.237 0.047 0.015 
10 1 
 
504.88 215.84 68.25 
 
190.18 42.29 13.37 
 
0.182 0.060 0.019 
10 2 
 
451.19 92.19 29.15 
 
171.18 43.15 13.64 
 
0.216 0.088 0.028 
10 5 
 
525.66 164.35 51.97 
 
195.97 37.98 12.01 
 
0.176 0.040 0.013 
10 10 
 
550.71 155.59 49.20 
 
194.00 68.29 21.59 
 
0.219 0.103 0.033 
10 15 
 
670.78 213.99 67.67 
 
210.03 64.03 20.25 
 
0.209 0.067 0.021 
10 20 
 
784.78 332.68 105.20 
 
202.65 79.92 25.27 
 
0.288 0.163 0.052 
15 1 
 
583.38 347.49 109.88 
 
236.89 69.05 21.84 
 
0.128 0.030 0.010 
15 2 
 
696.48 778.93 246.32 
 
196.92 90.65 28.67 
 
0.219 0.098 0.031 
15 5 
 
485.10 100.75 31.86 
 
180.22 60.69 19.19 
 
0.226 0.107 0.034 
15 10 
 
551.55 211.25 66.80 
 
202.13 78.12 24.70 
 
0.189 0.062 0.020 
15 15 
 
750.33 383.64 121.32 
 
249.19 122.89 38.86 
 
0.191 0.112 0.036 
15 20 
 
817.60 377.15 119.27 
 
229.98 125.11 39.56 
 
0.267 0.164 0.052 
20 2 
 
703.03 331.80 104.92 
 
217.17 85.51 27.04 
 
0.234 0.149 0.047 
20 5 
 
528.11 127.01 40.16 
 
187.65 73.45 23.23 
 
0.257 0.174 0.055 
20 10 
 
511.11 128.48 40.63 
 
197.80 43.09 13.63 
 
0.185 0.098 0.031 
20 15 
 
693.56 249.91 79.03 
 
210.04 53.21 16.83 
 
0.216 0.088 0.028 
20 20 
 
601.12 232.11 73.40 
 
198.52 80.83 25.56 
 
0.213 0.063 0.020 
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Table A.6. Shape factors on control substrates 
  
 
area (μm2) 
 
perimeter (μm) 
 
circularity 
substrate 
 
mean std dev std err 
 
mean std dev std err 
 
mean std dev std err 
flat gel 
 
597.58 174.58 55.21 
 
165.45 54.75 17.31 
 
0.338 0.187 0.059 
                 
unmodified glass 
 
1360.91 950.57 300.60 
 
228.25 88.53 27.99 
 
0.337 0.148 0.047 
                 
glass with covalent 
collagen 
 
1456.76 927.82 293.40 
 
325.82 182.37 57.67 
 
0.214 0.106 0.033 
                 
tissue culture-treated 
polystyrene 
 
971.31 387.98 122.69 
 
233.57 98.03 31.00 
 
0.292 0.199 0.063 
                 tissue culture-treated 
polystyrene with 
adsorbed collagen 
 
1151.95 765.03 241.92 
 
260.35 63.74 20.16 
 
0.248 0.213 0.068 
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Table A.7. Elongation and orientation on hexagonal substrates 
   
Feret diameter (μm) 
 
aspect ratio 
 
angle (°) 
post 
size 
gap 
size 
 
mean std dev std err 
 
mean std dev std err 
 
mean std dev std err 
3 1 
 
92.34 57.55 18.20 
 
3.251 2.178 0.689 
 
14.345 7.747 2.450 
3 2 
 
93.69 61.91 19.58 
 
2.961 2.858 0.904 
 
14.077 9.936 3.142 
3 5 
 
60.61 28.87 9.13 
 
3.101 2.950 0.933 
 
16.039 11.249 3.557 
3 10 
 
59.28 20.85 6.59 
 
2.076 0.719 0.227 
 
10.401 8.202 2.594 
5 1 
 
86.36 40.29 12.74 
 
3.671 1.845 0.584 
 
14.768 9.420 2.979 
5 2 
 
114.86 62.85 19.87 
 
3.139 1.466 0.464 
 
17.674 5.389 1.704 
5 5 
 
106.52 68.46 21.65 
 
2.820 1.763 0.557 
 
14.557 9.683 3.062 
5 10 
 
64.25 28.73 9.09 
 
2.540 1.951 0.617 
 
14.543 7.282 2.303 
5 15 
 
66.83 15.92 5.03 
 
2.273 0.801 0.253 
 
10.631 7.868 2.488 
10 1 
 
68.53 28.51 9.02 
 
3.929 2.177 0.688 
 
13.391 10.282 3.252 
10 2 
 
60.08 13.60 4.30 
 
2.260 0.739 0.234 
 
11.031 10.982 3.473 
10 5 
 
77.42 66.96 21.18 
 
2.873 1.480 0.468 
 
16.596 10.707 3.386 
10 10 
 
94.80 54.05 17.09 
 
1.964 0.607 0.192 
 
12.404 10.180 3.219 
10 15 
 
98.83 61.82 19.55 
 
2.396 1.370 0.433 
 
14.147 9.559 3.023 
10 20 
 
71.13 31.12 9.84 
 
3.759 2.468 0.780 
 
13.706 10.629 3.361 
15 1 
 
60.64 18.38 5.81 
 
2.443 0.714 0.226 
 
14.801 9.803 3.100 
15 2 
 
67.07 24.78 7.84 
 
3.192 1.212 0.383 
 
15.974 10.557 3.339 
15 5 
 
71.90 22.59 7.14 
 
2.528 1.200 0.380 
 
11.085 9.025 2.854 
15 10 
 
60.17 15.54 4.91 
 
2.145 0.614 0.194 
 
10.988 10.748 3.399 
15 15 
 
57.09 16.69 5.28 
 
2.286 0.683 0.216 
 
15.234 10.166 3.215 
15 20 
 
71.47 17.41 5.51 
 
3.375 1.319 0.417 
 
17.894 9.070 2.868 
20 2 
 
71.66 22.76 7.20 
 
4.128 1.905 0.603 
 
16.711 7.703 2.436 
20 5 
 
49.56 12.02 3.80 
 
2.368 0.851 0.269 
 
11.246 8.670 2.742 
20 10 
 
65.13 21.91 6.93 
 
2.871 1.988 0.629 
 
14.375 7.381 2.334 
20 15 
 
68.44 20.08 6.35 
 
2.287 0.574 0.182 
 
14.700 10.225 3.233 
20 20 
 
62.92 17.87 5.65 
 
1.893 0.411 0.130 
 
18.307 7.946 2.513 
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Table A.8. Elongation and orientation on square substrates 
   
Feret diameter (μm) 
 
aspect ratio 
 
angle (°) 
post 
size 
gap 
size 
 
mean std dev std err 
 
mean std dev std err 
 
mean std dev std err 
3 1 
 
58.87 19.24 6.08 
 
2.440 0.950 0.300 
 
19.108 15.161 4.794 
3 2 
 
52.18 21.32 6.74 
 
2.936 1.354 0.428 
 
15.700 12.313 3.894 
3 5 
 
67.44 16.35 5.17 
 
2.542 1.182 0.374 
 
20.745 11.471 3.627 
3 10 
 
63.22 25.34 8.01 
 
2.788 1.152 0.364 
 
20.893 12.724 4.024 
5 1 
 
80.75 27.45 8.68 
 
4.705 3.734 1.181 
 
10.692 13.200 4.174 
5 2 
 
55.05 10.78 3.41 
 
2.665 1.130 0.357 
 
29.731 13.776 4.356 
5 5 
 
63.97 13.15 4.16 
 
2.694 0.751 0.238 
 
23.361 12.026 3.803 
5 10 
 
60.46 21.62 6.84 
 
2.759 1.594 0.504 
 
17.732 13.883 4.390 
5 15 
 
65.94 9.71 3.07 
 
2.468 1.209 0.382 
 
29.622 14.063 4.447 
10 1 
 
73.78 19.83 6.27 
 
4.030 2.044 0.646 
 
19.645 14.010 4.430 
10 2 
 
72.86 21.67 6.85 
 
4.648 2.309 0.730 
 
10.138 8.308 2.627 
10 5 
 
68.30 18.47 5.84 
 
2.908 1.760 0.557 
 
24.141 15.380 4.864 
10 10 
 
63.72 18.22 5.76 
 
2.542 1.158 0.366 
 
13.310 11.777 3.724 
10 15 
 
69.56 20.37 6.44 
 
2.341 0.809 0.256 
 
22.336 16.162 5.111 
10 20 
 
67.49 24.57 7.77 
 
2.307 0.610 0.193 
 
17.506 13.910 4.399 
15 1 
 
101.39 25.42 8.04 
 
5.676 2.803 0.886 
 
14.246 17.046 5.390 
15 2 
 
74.98 26.89 8.50 
 
3.890 2.948 0.932 
 
17.296 16.557 5.236 
15 5 
 
58.08 11.31 3.58 
 
2.251 0.783 0.248 
 
20.180 16.819 5.318 
15 10 
 
71.40 34.85 11.02 
 
2.442 1.215 0.384 
 
23.590 17.467 5.524 
15 15 
 
78.03 30.65 9.69 
 
2.881 1.861 0.589 
 
21.434 13.693 4.330 
15 20 
 
73.38 37.53 11.87 
 
2.315 1.154 0.365 
 
21.794 13.494 4.267 
20 2 
 
83.00 32.32 10.22 
 
4.240 3.287 1.040 
 
12.792 13.556 4.287 
20 5 
 
74.33 27.68 8.75 
 
4.460 3.031 0.958 
 
17.614 16.422 5.193 
20 10 
 
69.32 18.59 5.88 
 
2.870 1.618 0.512 
 
18.097 17.175 5.431 
20 15 
 
71.68 18.98 6.00 
 
2.509 1.151 0.364 
 
16.902 13.935 4.407 
20 20 
 
60.60 12.83 4.06 
 
2.144 0.980 0.310 
 
21.581 14.617 4.622 
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Table A.9. Elongation and orientation on control substrates 
  
 
Feret diameter (μm) 
 
aspect ratio 
substrate 
 
mean std dev std err 
 
mean std dev std err 
flat gel 
 
59.16 24.84 7.86 
 
2.674 1.853 0.586 
             
unmodified glass 
 
72.20 26.27 8.31 
 
2.291 1.241 0.392 
             
glass with covalent 
collagen 
 
95.57 39.71 12.56 
 
2.328 0.743 0.235 
             
tissue culture-treated 
polystyrene 
 
78.31 35.05 11.08 
 
2.266 1.303 0.412 
             tissue culture-treated 
polystyrene with adsorbed 
collagen 
 
93.90 26.77 8.47 
 
2.775 1.157 0.366 
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Table A10. Proportion of cell bodies identified as being entirely located within gaps 
   
hexagonal patterns 
 
square patterns 
post 
size 
gap 
size 
 
n mean std dev std err 
 
n mean std dev std err 
3 1 
 
3 0 0 0 
 
3 0 0 0 
3 2 
 
3 0 0 0 
 
3 0 0 0 
3 5 
 
3 0.0061 0.0105 0.0061 
 
3 0.0078 0.0134 0.0078 
3 10 
 
3 0.2469 0.1118 0.0645 
 
3 0.3449 0.1762 0.1018 
5 1 
 
3 0 0 0 
 
3 0 0 0 
5 2 
 
3 0 0 0 
 
3 0 0 0 
5 5 
 
3 0.0296 0.0286 0.0165 
 
3 0.0236 0.0043 0.0025 
5 10 
 
3 0.5138 0.1254 0.0724 
 
3 0.6237 0.0808 0.0467 
5 15 
 
3 0.7774 0.1435 0.0829 
 
3 0.8544 0.0549 0.0317 
10 1 
 
3 0 0 0 
 
3 0 0 0 
10 2 
 
3 0 0 0 
 
3 0 0 0 
10 5 
 
3 0.0247 0.0428 0.0247 
 
3 0.0233 0.0202 0.0117 
10 10 
 
3 0.5425 0.0787 0.0454 
 
3 0.5126 0.1466 0.0847 
10 15 
 
3 0.8701 0.0401 0.0231 
 
3 0.8163 0.1662 0.0960 
10 20 
 
3 0.9076 0.0373 0.0215 
 
3 0.8743 0.0657 0.0380 
15 1 
 
3 0 0 0 
 
3 0 0 0 
15 2 
 
3 0 0 0 
 
3 0 0 0 
15 5 
 
3 0.0574 0.0821 0.0474 
 
3 0.0056 0.0098 0.0056 
15 10 
 
2 0.7168 0.0316 0.0223 
 
3 0.6188 0.1080 0.0624 
15 15 
 
3 0.8841 0.0676 0.0390 
 
3 0.8610 0.0753 0.0435 
15 20 
 
3 0.9201 0.0351 0.0203 
 
3 0.9116 0.0574 0.0331 
20 2 
 
3 0 0 0 
 
3 0 0 0 
20 5 
 
3 0.0444 0.0770 0.0444 
 
2 0.1103 0.0056 0.0040 
20 10 
 
3 0.6442 0.0831 0.0480 
 
3 0.6934 0.0391 0.0226 
20 15 
 
3 0.8383 0.0997 0.0575 
 
3 0.8279 0.0646 0.0373 
20 20 
 
3 0.8781 0.0125 0.0072 
 
2 0.9083 0.0118 0.0083 
 
 
 
  
 65 
 
Table A11. Positioning of cell extensions on hexagonal substrates 
                     1 μm gaps 
  
entirely aligned 
 
> 50% aligned 
 
< 50% aligned 
 
not at all aligned 
 
distal end aligned 
post 
size 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
3 
 
0.156 0.039 0.022 
 
0.293 0.122 0.071 
 
0.308 0.127 0.073 
 
0.244 0.210 0.121 
 
0.756 0.210 0.121 
5 
 
0.163 0.107 0.062 
 
0.287 0.165 0.095 
 
0.326 0.031 0.018 
 
0.225 0.118 0.068 
 
0.753 0.124 0.072 
10 
 
0.178 0.132 0.076 
 
0.213 0.064 0.037 
 
0.236 0.054 0.031 
 
0.373 0.155 0.090 
 
0.623 0.162 0.094 
15 
 
0.148 0.117 0.067 
 
0.225 0.016 0.009 
 
0.309 0.083 0.048 
 
0.318 0.049 0.028 
 
0.646 0.118 0.068 
                     2 μm gaps 
  
entirely aligned 
 
> 50% aligned 
 
< 50% aligned 
 
not at all aligned 
 
distal end aligned 
post 
size 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
3 
 
0.479 0.167 0.096 
 
0.138 0.074 0.043 
 
0.214 0.045 0.026 
 
0.169 0.122 0.070 
 
0.832 0.120 0.069 
5 
 
0.454 0.015 0.009 
 
0.207 0.048 0.028 
 
0.264 0.036 0.021 
 
0.075 0.035 0.020 
 
0.925 0.035 0.020 
10 
 
0.205 0.051 0.029 
 
0.283 0.116 0.067 
 
0.272 0.023 0.013 
 
0.239 0.146 0.084 
 
0.766 0.138 0.080 
15 
 
0.240 0.100 0.058 
 
0.183 0.075 0.044 
 
0.295 0.051 0.029 
 
0.282 0.148 0.085 
 
0.716 0.147 0.085 
20 
 
0.075 0.067 0.039 
 
0.135 0.057 0.033 
 
0.211 0.075 0.044 
 
0.579 0.103 0.060 
 
0.421 0.103 0.060 
                     5 μm gaps 
  
entirely aligned 
 
> 50% aligned 
 
< 50% aligned 
 
not at all aligned 
 
distal end aligned 
post 
size 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
3 
 
0.823 0.104 0.060 
 
0.134 0.093 0.054 
 
0.013 0.013 0.008 
 
0.029 0.044 0.025 
 
0.964 0.038 0.022 
5 
 
0.856 0.035 0.020 
 
0.092 0.036 0.021 
 
0.045 0.051 0.029 
 
0.007 0.012 0.007 
 
0.982 0.017 0.010 
10 
 
0.764 0.093 0.054 
 
0.095 0.048 0.028 
 
0.071 0.013 0.008 
 
0.071 0.054 0.031 
 
0.920 0.071 0.041 
15 
 
0.641 0.119 0.069 
 
0.148 0.105 0.060 
 
0.094 0.023 0.014 
 
0.117 0.084 0.048 
 
0.875 0.091 0.052 
20 
 
0.506 0.157 0.091 
 
0.080 0.035 0.020 
 
0.129 0.054 0.031 
 
0.286 0.125 0.072 
 
0.706 0.118 0.068 
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Table A12. Positioning of cell extensions on square substrates 
                     1 μm gaps 
  
entirely aligned 
 
> 50% aligned 
 
< 50% aligned 
 
not at all aligned 
 
distal end aligned 
post 
size 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
3 
 
0.430 0.090 0.052 
 
0.282 0.093 0.054 
 
0.136 0.123 0.071 
 
0.152 0.038 0.022 
 
0.831 0.044 0.025 
5 
 
0.509 0.175 0.101 
 
0.203 0.084 0.049 
 
0.133 0.067 0.039 
 
0.155 0.038 0.022 
 
0.840 0.035 0.020 
10 
 
0.405 0.121 0.070 
 
0.141 0.073 0.042 
 
0.182 0.047 0.027 
 
0.272 0.178 0.103 
 
0.692 0.214 0.124 
15 
 
0.576 0.132 0.076 
 
0.059 0.034 0.020 
 
0.136 0.049 0.028 
 
0.229 0.128 0.074 
 
0.771 0.128 0.074 
                     2 μm gaps 
  
entirely aligned 
 
> 50% aligned 
 
< 50% aligned 
 
not at all aligned 
 
distal end aligned 
post 
size 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
3 
 
0.360 0.010 0.006 
 
0.221 0.042 0.024 
 
0.148 0.035 0.020 
 
0.272 0.070 0.041 
 
0.729 0.074 0.043 
5 
 
0.428 0.073 0.042 
 
0.139 0.047 0.027 
 
0.185 0.056 0.033 
 
0.248 0.083 0.048 
 
0.731 0.120 0.070 
10 
 
0.424 0.116 0.067 
 
0.130 0.094 0.054 
 
0.137 0.046 0.026 
 
0.309 0.150 0.086 
 
0.691 0.150 0.086 
15 
 
0.383 0.154 0.089 
 
0.149 0.051 0.029 
 
0.148 0.062 0.036 
 
0.320 0.141 0.081 
 
0.681 0.147 0.085 
20 
 
0.456 0.064 0.037 
 
0.113 0.082 0.048 
 
0.120 0.042 0.024 
 
0.311 0.140 0.081 
 
0.689 0.140 0.081 
                     5 μm gaps 
  
entirely aligned 
 
> 50% aligned 
 
< 50% aligned 
 
not at all aligned 
 
distal end aligned 
post 
size 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
 
mean 
std 
dev 
std 
err 
3 
 
0.572 0.201 0.116 
 
0.237 0.028 0.016 
 
0.084 0.113 0.065 
 
0.108 0.062 0.036 
 
0.892 0.062 0.036 
5 
 
0.677 0.185 0.107 
 
0.095 0.024 0.014 
 
0.117 0.103 0.060 
 
0.111 0.114 0.066 
 
0.859 0.166 0.096 
10 
 
0.526 0.243 0.140 
 
0.183 0.099 0.057 
 
0.146 0.086 0.050 
 
0.144 0.067 0.039 
 
0.858 0.054 0.031 
15 
 
0.763 0.161 0.114 
 
0.048 0.068 0.048 
 
0.093 0.067 0.047 
 
0.095 0.026 0.019 
 
0.905 0.026 0.019 
20 
 
0.534 0.309 0.219 
 
0.072 0.014 0.010 
 
0.178 0.135 0.096 
 
0.216 0.160 0.113 
 
0.791 0.150 0.106 
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Appendix B. Multi-Way ANOVA 
 The following pages contain all results from multi-way ANOVA using Matlab.  The function 
anovan was used to evaluate and compare the influence of three factors, but not interactions, on 
measured quantities.  Tukey means comparison (Matlab function multcompare) was used to 
determine pairwise differences in the results at 95 and 99% confidence levels.  Where applicable, 
the means attributed to each factor by multcompare were compared to results from control 
substrates using one sample t-tests. 
 Each individual pattern combination was also compared to the results from control 
substrates using two sample t-tests.  These results were not considered in the analysis, but are 
included here for completeness. 
 Measurements of the swelling ratio were only considered for feature sizes 5 μm and larger.  
Smaller features were difficult to distinguish, even at the highest microscope magnification.  Results 
from small features were disregarded during data analysis, but are included here for completeness. 
Results from the analysis of cell body location on substrates with 1, 2, and 5 μm gaps were 
disregarded in statistical analysis because of the low or null variance of measurements.  However, 
those statistical tests are included below for completeness. 
  
 68 
 
----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
SWELLING RATIO OF POST SIZE 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.    F     Prob>F 
---------------------------------------------------- 
  Shape    0.18262     1    0.18262    4.66   0.0326 
  Post     1.14111     4    0.28528    7.28   0      
  Gap      0.30928     5    0.06186    1.58   0.17   
  Error    5.52661   141    0.0392                   
  Total    7.05639   151                             
 
 
shape (mean +/- std err): 
hex 1.115887 +/- 0.023339 
sq 1.185249 +/- 0.023156 
pairwise differences (p<.01): 
pairwise differences (p<.05): hex-sq 
 
post width (mean +/- std err): 
3 1.343054 +/- 0.042443 
5 1.141657 +/- 0.037256 
10 1.111816 +/- 0.032997 
15 1.089149 +/- 0.033040 
20 1.067162 +/- 0.039675 
pairwise differences (p<.01): 3-5 3-10 3-15 3-20 
pairwise differences (p<.05): 3-5 3-10 3-15 3-20 
 
gap width (mean +/- std err): 
1 1.061516 +/- 0.041358 
2 1.201363 +/- 0.036146 
5 1.125260 +/- 0.036879 
10 1.155130 +/- 0.036784 
15 1.186415 +/- 0.041436 
20 1.173722 +/- 0.051528 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
SWELLING RATIO OF GAP SIZE 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.    F     Prob>F 
---------------------------------------------------- 
  Shape    0.0611      1    0.0611     2.9    0.0908 
  Post     0.42152     4    0.10538    5      0.0008 
  Gap      0.31753     5    0.06351    3.01   0.0129 
  Error    2.9718    141    0.02108                  
  Total    3.78532   151                             
 
 
shape (mean +/- std err): 
hex 1.019384 +/- 0.017114 
sq 0.979265 +/- 0.016980 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 0.911826 +/- 0.031123 
5 0.957012 +/- 0.027320 
10 1.011013 +/- 0.024196 
15 1.063236 +/- 0.024228 
20 1.053537 +/- 0.029094 
pairwise differences (p<.01): 3-15 3-20 
pairwise differences (p<.05): 3-15 3-20 5-15 
 
gap width (mean +/- std err): 
1 1.057336 +/- 0.030328 
2 0.912603 +/- 0.026506 
5 0.996787 +/- 0.027043 
10 1.019859 +/- 0.026973 
15 1.011158 +/- 0.030385 
20 0.998205 +/- 0.037785 
pairwise differences (p<.01): 1-2 
pairwise differences (p<.05): 1-2 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
SWELLING RATIO OF POST SIZES, only 5 microns and larger 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F     Prob>F 
----------------------------------------------------- 
  Shape    0.04369     1    0.04369    30.15   0      
  Post     0.0419      3    0.01397     9.64   0      
  Gap      0.01864     3    0.00621     4.29   0.0074 
  Error    0.11303    78    0.00145                   
  Total    0.21315    85                              
 
 
shape (mean +/- std err): 
hex 1.096686 +/- 0.005941 
sq 1.141822 +/- 0.005837 
pairwise differences (p<.01): hex-sq 
pairwise differences (p<.05): hex-sq 
 
post width (mean +/- std err): 
5 1.152374 +/- 0.009377 
10 1.129562 +/- 0.007771 
15 1.102653 +/- 0.007792 
20 1.092427 +/- 0.008554 
pairwise differences (p<.01): 5-15 5-20 
pairwise differences (p<.05): 5-15 5-20 10-20 
 
gap width (mean +/- std err): 
5 1.099202 +/- 0.007978 
10 1.115146 +/- 0.007946 
15 1.138293 +/- 0.007771 
20 1.124374 +/- 0.009898 
pairwise differences (p<.01): 5-15 
pairwise differences (p<.05): 5-15 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
SWELLING RATIO OF GAP SIZES, only 5 microns and larger 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F     Prob>F 
----------------------------------------------------- 
  Shape    0.0481      1    0.0481     28.18   0      
  Post     0.01735     3    0.00578     3.39   0.0221 
  Gap      0.01822     3    0.00607     3.56   0.018  
  Error    0.13313    78    0.00171                   
  Total    0.21746    85                              
 
 
shape (mean +/- std err): 
hex 1.048235 +/- 0.006447 
sq 1.000879 +/- 0.006335 
pairwise differences (p<.01): hex-sq 
pairwise differences (p<.05): hex-sq 
 
post width (mean +/- std err): 
5 1.022821 +/- 0.010177 
10 1.002836 +/- 0.008433 
15 1.035406 +/- 0.008457 
20 1.037165 +/- 0.009284 
pairwise differences (p<.01): 
pairwise differences (p<.05): 10-15 10-20 
 
gap width (mean +/- std err): 
5 1.001079 +/- 0.008659 
10 1.023084 +/- 0.008623 
15 1.033032 +/- 0.008433 
20 1.041033 +/- 0.010742 
pairwise differences (p<.01): 
pairwise differences (p<.05): 5-15 5-20 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
PROPORTION OF CELLS IDENTIFIED AS SPREAD 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.    F     Prob>F 
---------------------------------------------------- 
  Shape    0.01006     1    0.01006    0.84   0.362  
  Post     0.01327     4    0.00332    0.28   0.8932 
  Gap      0.36418     5    0.07284    6.06   0      
  Error    1.70751   142    0.01202                  
  Total    2.09997   152                             
 
 
shape (mean +/- std err): 
hex 0.702166 +/- 0.012710 
sq 0.718396 +/- 0.012864 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 0.709078 +/- 0.023483 
5 0.709061 +/- 0.020606 
10 0.720955 +/- 0.018276 
15 0.718234 +/- 0.018545 
20 0.694078 +/- 0.021162 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
gap width (mean +/- std err): 
1 0.647250 +/- 0.022879 
2 0.659115 +/- 0.020021 
5 0.688392 +/- 0.020376 
10 0.768598 +/- 0.020374 
15 0.770640 +/- 0.022950 
20 0.727691 +/- 0.027731 
pairwise differences (p<.01): 1-10 1-15 2-10 2-15 
pairwise differences (p<.05): 1-10 1-15 2-10 2-15 
 
 
----------------------------------------------------------------------------- 
PATTERN ELEMENTS COMPARE TO CONTROLS 
one sample t-test (p<.01) 
 
 flat gel glass 
shape sig p  sig p 
hex 0   0.2138 0   0.1899 
sq 0   0.5469 0   0.2358 
 
shape sig p  sig p 
3 0   0.3124 0   0.2079 
5 0   0.3121 0   0.2078 
10 0   0.6384 0   0.2443 
15 0   0.5415 0   0.2353 
20 0   0.1444 0   0.1714 
 
shape sig p  sig p 
1 0   0.0320 0   0.1014 
2 0   0.0430 0   0.1146 
5 0   0.1130 0   0.1599 
10 0   0.1197 0   0.5012 
15 0   0.1101 0   0.5176 
20 0   0.9295 0   0.2688 
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----------------------------------------------------------------------------- 
PATTERN-BY-PATTERN COMPARE TO CONTROLS 
two-sample t-test (p<.01) 
 
flat gel control: 0.729193 +/- 0.015020 
   glass control: 0.816006 +/- 0.058255 
 
   flat gel glass 
shape post gap sig p  sig p 
-------------------------------------------------- 
hex 3 1 0   0.5082 0   0.2570 
hex 3 2 0   0.0294 0   0.0369 
hex 3 5 0   0.9420 0   0.4807 
hex 3 10 0   0.1285 0   0.8562 
hex 5 1 0   0.2769 0   0.1474 
hex 5 2 0   0.1796 0   0.0943 
hex 5 5 0   0.2794 0   0.1181 
hex 5 10 0   0.1156 0   0.7023 
hex 5 15 0   0.3573 0   0.8911 
hex 10 1 0   0.0319 0   0.0375 
hex 10 2 0   0.8766 0   0.2250 
hex 10 5 0   0.4026 0   0.1464 
hex 10 10 0   0.1926 0   0.1273 
hex 10 15 0   0.1906 0   0.8252 
hex 10 20 0   0.5085 0   0.4844 
hex 15 1 0   0.0672 0   0.0755 
hex 15 2 0   0.1500 0   0.0791 
hex 15 5 0   0.3873 0   0.1440 
hex 15 10 0   0.6087 0   0.2776 
hex 15 15 0   0.3544 0   0.6343 
hex 15 20 0   0.7104 0   0.3182 
hex 20 2 0   0.0379 0   0.0403 
hex 20 5 0   0.5143 0   0.3103 
hex 20 10 0   0.8834 0   0.4905 
hex 20 15 0   0.6181 0   0.8052 
hex 20 20 0   0.3765 0   0.4061 
sq  3 1 0   0.1328 0   0.1050 
sq  3 2 0   0.2228 0   0.1475 
sq  3 5 0   0.9078 0   0.3942 
sq  3 10 0   0.0992 0   0.6237 
sq  5 1 0   0.0588 0   0.1030 
sq  5 2 0   0.0661 0   0.0728 
sq  5 5 0   0.4017 0   0.2540 
sq  5 10 0   0.4600 0   0.6790 
sq  5 15 0   0.8138 0   0.4270 
sq  10 1 0   0.3810 0   0.2162 
sq  10 2 0   0.5572 0   0.2670 
sq  10 5 1   0.0094 0   0.0720 
sq  10 10 1   0.0033 0   0.3514 
sq  10 15 0   0.0702 0   0.7366 
sq  10 20 0   0.5209 0   0.2575 
sq  15 1 0   0.8054 0   0.5580 
sq  15 2 0   0.9195 0   0.5391 
sq  15 5 0   0.7154 0   0.5487 
sq  15 10 0   0.0796 0   0.7222 
sq  15 15 0   0.9583 0   0.4455 
sq  15 20 0   0.4940 0   0.2507 
sq  20 2 0   0.8354 0   0.4704 
sq  20 5 0   0.6575 0   0.6027 
sq  20 10 0   0.0839 0   0.1262 
sq  20 15 0   0.0805 0   0.6787 
sq  20 20 0   0.4337 0   0.4243 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
LOCATION OF CELL BODY, including all gap sizes 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F      Prob>F 
------------------------------------------------------ 
  Shape     0.0014     1    0.00139      0.22   0.6392 
  Post      0.1728     4    0.0432       6.86   0      
  Gap      19.0497     5    3.80995    605.04   0      
  Error     0.8942   142    0.0063                     
  Total    22.5951   152                               
 
 
shape (mean +/- std err): 
hex 0.377633 +/- 0.009197 
sq 0.383667 +/- 0.009309 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 0.310709 +/- 0.016994 
5 0.381634 +/- 0.014912 
10 0.380960 +/- 0.013226 
15 0.410483 +/- 0.013420 
20 0.419462 +/- 0.015314 
pairwise differences (p<.01): 3-10 3-15 3-20 
pairwise differences (p<.05): 3-5 3-10 3-15 3-20 
 
gap width (mean +/- std err): 
1 0.009703 +/- 0.016557 
2 -0.000000 +/- 0.014488 
5 0.032071 +/- 0.014745 
10 0.540784 +/- 0.014744 
15 0.823703 +/- 0.016608 
20 0.877637 +/- 0.020068 
pairwise differences (p<.01): 1-10 1-15 1-20 2-10 2-15 2-20 
     5-10 5-15 5-20 10-15 10-20 
pairwise differences (p<.05): 1-10 1-15 1-20 2-10 2-15 2-20 
     5-10 5-15 5-20 10-15 10-20 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
LOCATION OF CELL BODY, only gaps 10 microns and larger 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F     Prob>F 
----------------------------------------------------- 
  Shape    0.00228     1    0.00228     0.28   0.6015 
  Post     0.49838     4    0.1246     15.06   0      
  Gap      0.95957     2    0.47979    57.98   0      
  Error    0.51301    62    0.00827                   
  Total    2.84846    69                              
 
 
shape (mean +/- std err): 
hex 0.711230 +/- 0.016578 
sq 0.722663 +/- 0.016822 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 0.469821 +/- 0.040496 
5 0.748040 +/- 0.027753 
10 0.753918 +/- 0.021440 
15 0.814168 +/- 0.022093 
20 0.798785 +/- 0.022098 
pairwise differences (p<.01): 3-5 3-10 3-15 3-20 
pairwise differences (p<.05): 3-5 3-10 3-15 3-20 
 
gap width (mean +/- std err): 
10 0.543015 +/- 0.016913 
15 0.779407 +/- 0.020356 
20 0.828418 +/- 0.024848 
pairwise differences (p<.01): 10-15 10-20 
pairwise differences (p<.05): 10-15 10-20 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
CELL AREA 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source    Sum Sq.     d.f.   Mean Sq.     F     Prob>F 
-------------------------------------------------------- 
  Shape      798551.4     1    798551.4   13.79   0.0002 
  Post       762745.4     4    190686.3    3.29   0.0112 
  Gap       1329192.8     5    265838.6    4.59   0.0004 
  Error    29484466.5   509     57926.3                  
  Total    32972843.8   519                              
 
 
shape (mean +/- std err): 
hex 500.855203 +/- 15.202333 
sq 579.230601 +/- 15.202333 
pairwise differences (p<.01): hex-sq 
pairwise differences (p<.05): hex-sq 
 
post width (mean +/- std err): 
3 494.265533 +/- 28.194164 
5 523.252919 +/- 24.738348 
10 508.652263 +/- 21.970863 
15 590.489386 +/- 21.970863 
20 583.554409 +/- 24.590015 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
gap width (mean +/- std err): 
1 502.954774 +/- 27.474909 
2 497.342619 +/- 24.067875 
5 480.668521 +/- 24.067875 
10 524.786753 +/- 24.067875 
15 602.268125 +/- 27.585651 
20 632.236620 +/- 32.459947 
pairwise differences (p<.01): 5-20 
pairwise differences (p<.05): 1-20 2-15 2-20 5-15 5-20 
 
 
----------------------------------------------------------------------------- 
PATTERN ELEMENTS COMPARE TO CONTROLS 
one sample t-test (p<.01) 
 
 flat gel glass 
shape sig p  sig p 
hex 0   0.1137 1   0.0099 
sq 0   0.7472 0   0.0152 
 
shape sig p  sig p 
3 0   0.0941 1   0.0095 
5 0   0.2111 0   0.0112 
10 0   0.1417 0   0.0103 
15 0   0.9006 0   0.0162 
20 0   0.8051 0   0.0155 
 
shape sig p  sig p 
1 0   0.1207 1   0.0100 
2 0   0.1028 1   0.0097 
5 0   0.0633 1   0.0088 
10 0   0.2199 0   0.0112 
15 0   0.9342 0   0.0172 
20 0   0.5458 0   0.0204 
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----------------------------------------------------------------------------- 
PATTERN-BY-PATTERN COMPARE TO CONTROLS 
two sample t-test (p<.01) 
 
flat gel control: 597.584432 +/- 55.208451 
   glass control: 1456.762104 +/- 293.402179 
 
   flat gel glass 
shape post gap sig p  sig p 
-------------------------------------------------- 
hex 3 1 0  0.0128 1   0.0018 
hex 3 2 0  0.0425 1   0.0026 
hex 3 5 0  0.0823 1   0.0037 
hex 3 10 0  0.2510 1   0.0052 
hex 5 1 0  0.8991 0   0.0104 
hex 5 2 1  0.0031 1   0.0013 
hex 5 5 0  0.0214 1   0.0019 
hex 5 10 0  0.7482 1   0.0082 
hex 5 15 0  0.7073 0   0.0141 
hex 10 1 0  0.1124 1   0.0039 
hex 10 2 0  0.4918 1   0.0069 
hex 10 5 1  0.0032 1   0.0017 
hex 10 10 0  0.2749 1   0.0052 
hex 10 15 1  0.0051 1   0.0015 
hex 10 20 0  0.0704 1   0.0036 
hex 15 1 0  0.3986 1   0.0061 
hex 15 2 0  0.2720 1   0.0051 
hex 15 5 0  0.9259 0   0.0119 
hex 15 10 0  0.4270 1   0.0063 
hex 15 15 0  0.2133 1   0.0051 
hex 15 20 0  0.4862 1   0.0067 
hex 20 2 0  0.7710 1   0.0092 
hex 20 5 0  0.0560 1   0.0032 
hex 20 10 0  0.3138 1   0.0056 
hex 20 15 0  0.5496 0   0.0132 
hex 20 20 0  0.2508 0   0.0218 
sq 3 1 0  0.0565 1   0.0033 
sq 3 2 1  0.0013 1   0.0016 
sq 3 5 0  0.6326 1   0.0076 
sq 3 10 0  0.4026 1   0.0062 
sq 5 1 0  0.0743 1   0.0037 
sq 5 2 0  0.0301 1   0.0031 
sq 5 5 0  0.1262 1   0.0044 
sq 5 10 0  0.2813 1   0.0053 
sq 5 15 0  0.3715 0   0.0171 
sq 10 1 0  0.3049 1   0.0054 
sq 10 2 0  0.0307 1   0.0031 
sq 10 5 0  0.3554 1   0.0059 
sq 10 10 0  0.5341 1   0.0070 
sq 10 15 0  0.4130 0   0.0177 
sq 10 20 0  0.1325 0   0.0449 
sq 15 1 0  0.9093 0   0.0122 
sq 15 2 0  0.6998 0   0.0626 
sq 15 5 0  0.0946 1   0.0040 
sq 15 10 0  0.6018 1   0.0075 
sq 15 15 0  0.2668 0   0.0391 
sq 15 20 0  0.1114 0   0.0587 
sq 20 2 0  0.3855 0   0.0264 
sq 20 5 0  0.3223 1   0.0057 
sq 20 10 0  0.2232 1   0.0050 
sq 20 15 0  0.3326 0   0.0218 
sq 20 20 0  0.9697 0   0.0111 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
CELL PERIMETER 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source    Sum Sq.    d.f.   Mean Sq.    F     Prob>F 
------------------------------------------------------ 
  Shape       1014.9     1    1014.92    0.21   0.6479 
  Post       20832.7     4    5208.17    1.07   0.3698 
  Gap        28777.9     5    5755.58    1.18   0.3156 
  Error    2473547     509    4859.62                  
  Total    2533071.4   519                             
 
 
shape (mean +/- std err): 
hex 192.064026 +/- 4.403253 
sq 194.858142 +/- 4.403253 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 183.006194 +/- 8.166250 
5 194.356343 +/- 7.165296 
10 195.660156 +/- 6.363713 
15 203.434064 +/- 6.363713 
20 190.848661 +/- 7.122333 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
gap width (mean +/- std err): 
1 190.802702 +/- 7.957923 
2 180.753319 +/- 6.971098 
5 191.782141 +/- 6.971098 
10 194.354796 +/- 6.971098 
15 205.826308 +/- 7.989998 
20 197.247237 +/- 9.401805 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
 
----------------------------------------------------------------------------- 
PATTERN ELEMENTS COMPARE TO CONTROLS 
one sample t-test (p<.01) 
 
 flat gel glass 
shape sig p  sig p 
hex 0   0.1587 0   0.0455 
sq 0   0.1237 0   0.0493 
 
shape sig p  sig p 
3 0   0.3371 0   0.0352 
5 0   0.1294 0   0.0486 
10 0   0.1150 0   0.0504 
15 0   0.0559 0   0.0628 
20 0   0.1765 0   0.0440 
 
shape sig p  sig p 
1 0   0.1772 0   0.0439 
2 0   0.3998 0   0.0330 
5 0   0.1626 0   0.0452 
10 0   0.1294 0   0.0486 
15 0   0.0446 0   0.0672 
20 0   0.0995 0   0.0527 
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----------------------------------------------------------------------------- 
PATTERN-BY-PATTERN COMPARE TO CONTROLS 
two sample t-test (p<.01) 
 
flat gel control: 165.451457 +/- 17.314179 
   glass control: 325.819344 +/- 57.670544 
 
   flat gel glass 
shape post gap sig p  sig p 
-------------------------------------------------- 
hex 3 1 0  0.8524 0   0.0214 
hex 3 2 0  0.4432 0   0.0354 
hex 3 5 0  0.4808 0   0.0292 
hex 3 10 0  0.4527 0   0.0411 
hex 5 1 0  0.1311 0   0.1188 
hex 5 2 0  0.4012 0   0.0260 
hex 5 5 0  0.1153 0   0.1285 
hex 5 10 0  0.3139 0   0.0460 
hex 5 15 0  0.0564 0   0.0957 
hex 10 1 0  0.8743 0   0.0207 
hex 10 2 0  0.2290 0   0.0598 
hex 10 5 0  0.5294 0   0.0422 
hex 10 10 0  0.0847 0   0.2140 
hex 10 15 0  0.1675 0   0.0889 
hex 10 20 0  0.6606 0   0.0247 
hex 15 1 0  0.5412 0   0.0409 
hex 15 2 0  0.4563 0   0.0514 
hex 15 5 0  0.0805 0   0.0970 
hex 15 10 0  0.3510 0   0.0311 
hex 15 15 0  0.7659 0   0.0201 
hex 15 20 0  0.2268 0   0.0358 
hex 20 2 0  0.6561 0   0.0229 
hex 20 5 0  0.2345 1   0.0054 
hex 20 10 0  0.5676 0   0.0257 
hex 20 15 0  0.1497 0   0.0651 
hex 20 20 0  0.1877 0   0.0594 
sq 3 1 0  0.9743 0   0.0163 
sq 3 2 0  0.1895 1   0.0048 
sq 3 5 0  0.0296 0   0.1203 
sq 3 10 0  0.6188 0   0.0278 
sq 5 1 0  0.2520 0   0.0423 
sq 5 2 0  0.4660 1   0.0077 
sq 5 5 0  0.4987 0   0.0225 
sq 5 10 0  0.4946 0   0.0309 
sq 5 15 0  0.2472 0   0.0322 
sq 10 1 0  0.2733 0   0.0342 
sq 10 2 0  0.7979 0   0.0177 
sq 10 5 0  0.1648 0   0.0408 
sq 10 10 0  0.3161 0   0.0462 
sq 10 15 0  0.1116 0   0.0744 
sq 10 20 0  0.2403 0   0.0662 
sq 15 1 0  0.0195 0   0.1664 
sq 15 2 0  0.3599 0   0.0606 
sq 15 5 0  0.5748 0   0.0277 
sq 15 10 0  0.2397 0   0.0642 
sq 15 15 0  0.0646 0   0.2850 
sq 15 20 0  0.1525 0   0.1874 
sq 20 2 0  0.1246 0   0.1053 
sq 20 5 0  0.4534 0   0.0393 
sq 20 10 0  0.1593 0   0.0445 
sq 20 15 0  0.0813 0   0.0699 
sq 20 20 0  0.2983 0   0.0587 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
CIRCULARITY 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.    F     Prob>F 
---------------------------------------------------- 
  Shape    0.00898     1    0.00898    0.58   0.4455 
  Post     0.17648     4    0.04412    2.87   0.0228 
  Gap      0.05434     5    0.01087    0.71   0.6192 
  Error    7.83561   509    0.01539                  
  Total    8.07817   519                             
 
 
shape (mean +/- std err): 
hex 0.216352 +/- 0.007837 
sq 0.224661 +/- 0.007837 
pairwise differences (.01): 
pairwise differences (.05): 
 
post width (mean +/- std err): 
3 0.249071 +/- 0.014534 
5 0.200769 +/- 0.012753 
10 0.204986 +/- 0.011326 
15 0.208907 +/- 0.011326 
20 0.238801 +/- 0.012676 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
gap width (mean +/- std err): 
1 0.213688 +/- 0.014164 
2 0.224267 +/- 0.012407 
5 0.208209 +/- 0.012407 
10 0.213706 +/- 0.012407 
15 0.218810 +/- 0.014221 
20 0.244361 +/- 0.016734 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
 
----------------------------------------------------------------------------- 
PATTERN ELEMENTS COMPARE TO CONTROLS 
one sample t-test (p<.01) 
 
 flat gel glass 
shape sig p  sig p 
hex 0   0.0694 0   0.9471 
sq 0   0.0870 0   0.7585 
 
shape sig p  sig p 
3 0   0.1660 0   0.3221 
5 0   0.0451 0   0.6997 
10 0   0.0507 0   0.7917 
15 0   0.0565 0   0.8805 
20 0   0.1271 0   0.4780 
 
shape sig p  sig p 
1 0   0.0645 0   0.9910 
2 0   0.0861 0   0.7672 
5 0   0.0554 0   0.8645 
10 0   0.0645 0   0.9914 
15 0   0.0742 0   0.8904 
20 0   0.1470 0   0.3882 
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----------------------------------------------------------------------------- 
PATTERN-BY-PATTERN COMPARE TO CONTROLS 
two sample t-test (p<.01) 
 
flat gel control: 0.338083 +/- 0.059061 
   glass control: 0.214075 +/- 0.033404 
 
   flat gel glass 
shape post gap sig p  sig p 
-------------------------------------------------- 
hex 3 1 0  0.2572 0   0.7673 
hex 3 2 0  0.0586 0   0.6474 
hex 3 5 0  0.1529 0   0.9283 
hex 3 10 0  0.3176 0   0.5532 
hex 5 1 0  0.0474 0   0.6545 
hex 5 2 1  0.0055 0   0.0744 
hex 5 5 0  0.0152 0   0.2032 
hex 5 10 0  0.1394 0   0.7502 
hex 5 15 0  0.0352 0   0.5670 
hex 10 1 0  0.2564 0   0.4623 
hex 10 2 0  0.0246 0   0.4451 
hex 10 5 0  0.0558 0   0.7096 
hex 10 10 0  0.0125 0   0.1754 
hex 10 15 0  0.0267 0   0.3519 
hex 10 20 0  0.2000 0   0.7274 
hex 15 1 0  0.2533 0   0.5644 
hex 15 2 0  0.0500 0   0.7622 
hex 15 5 0  0.0145 0   0.2583 
hex 15 10 0  0.0665 0   0.9445 
hex 15 15 0  0.2450 0   0.4128 
hex 15 20 0  0.0547 0   0.8307 
hex 20 2 0  0.1424 0   0.5416 
hex 20 5 0  0.9889 0   0.0648 
hex 20 10 0  0.2032 0   0.6004 
hex 20 15 0  0.1715 0   0.7252 
hex 20 20 0  0.1553 0   0.5509 
sq 3 1 0  0.3022 0   0.4728 
sq 3 2 0  0.7183 0   0.1220 
sq 3 5 0  0.0127 0   0.2115 
sq 3 10 0  0.2664 0   0.4353 
sq 5 1 0  0.0191 0   0.3507 
sq 5 2 0  0.1932 0   0.2647 
sq 5 5 0  0.0383 0   0.7361 
sq 5 10 0  0.0577 0   0.9192 
sq 5 15 0  0.1156 0   0.5325 
sq 10 1 0  0.0214 0   0.4109 
sq 10 2 0  0.0790 0   0.9572 
sq 10 5 0  0.0150 0   0.2971 
sq 10 10 0  0.0941 0   0.9201 
sq 10 15 0  0.0551 0   0.9080 
sq 10 20 0  0.5274 0   0.2472 
sq 15 1 1  0.0025 0   0.0239 
sq 15 2 0  0.0916 0   0.9108 
sq 15 5 0  0.1179 0   0.8002 
sq 15 10 0  0.0275 0   0.5221 
sq 15 15 0  0.0465 0   0.6376 
sq 15 20 0  0.3757 0   0.4053 
sq 20 2 0  0.1846 0   0.7350 
sq 20 5 0  0.3292 0   0.5105 
sq 20 10 0  0.0334 0   0.5244 
sq 20 15 0  0.0787 0   0.9571 
sq 20 20 0  0.0610 0   0.9870 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
FERET DIAMETER 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.    d.f.   Mean Sq.    F     Prob>F 
----------------------------------------------------- 
  Shape      2853.1     1    2853.06    2.69   0.1017 
  Post       4545       4    1136.26    1.07   0.3703 
  Gap        6147.7     5    1229.54    1.16   0.3286 
  Error    540218     509    1061.33                  
  Total    554734.7   519                             
 
 
shape (mean +/- std err): 
hex 73.668527 +/- 2.057776 
sq 68.983801 +/- 2.057776 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 67.594605 +/- 3.816341 
5 75.853747 +/- 3.348564 
10 73.875108 +/- 2.973959 
15 70.466101 +/- 2.973959 
20 68.841260 +/- 3.328486 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
gap width (mean +/- std err): 
1 77.210624 +/- 3.718983 
2 74.544189 +/- 3.257809 
5 69.811979 +/- 3.257809 
10 67.175068 +/- 3.257809 
15 71.117215 +/- 3.733973 
20 68.097909 +/- 4.393754 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
 
----------------------------------------------------------------------------- 
PATTERN ELEMENTS COMPARE TO CONTROLS 
one sample t-test (p<.01) 
 
 flat gel glass 
shape sig p  sig p 
hex 0   0.0978 0   0.1150 
sq 0   0.2425 0   0.0633 
 
shape sig p  sig p 
3 0   0.3107 0   0.0528 
5 0   0.0625 0   0.1508 
10 0   0.0937 0   0.1180 
15 0   0.1838 0   0.0766 
20 0   0.2488 0   0.0621 
 
shape sig p  sig p 
1 0   0.0471 0   0.1777 
2 0   0.0818 0   0.1283 
5 0   0.2080 0   0.0704 
10 0   0.3340 0   0.0500 
15 0   0.1622 0   0.0833 
20 0   0.2844 0   0.0564 
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----------------------------------------------------------------------------- 
PATTERN-BY-PATTERN COMPARE TO CONTROLS 
two sample t-test (p<.01) 
 
flat gel control: 59.155415 +/- 7.855973 
   glass control: 95.572524 +/- 12.555898 
 
   flat gel glass 
shape post gap sig p  sig p 
-------------------------------------------------- 
hex 3 1 0  0.1114 0   0.8853 
hex 3 2 0  0.1189 0   0.9365 
hex 3 5 0  0.9052 0   0.0370 
hex 3 10 0  0.9907 0   0.0197 
hex 5 1 0  0.0858 0   0.6128 
hex 5 2 0  0.0178 0   0.4226 
hex 5 5 0  0.0545 0   0.6669 
hex 5 10 0  0.6762 0   0.0584 
hex 5 15 0  0.4218 0   0.0477 
hex 10 1 0  0.4435 0   0.0972 
hex 10 2 0  0.9192 0   0.0155 
hex 10 5 0  0.4292 0   0.4704 
hex 10 10 0  0.0743 0   0.9714 
hex 10 15 0  0.0759 0   0.8899 
hex 10 20 0  0.3540 0   0.1429 
hex 15 1 0  0.8812 0   0.0212 
hex 15 2 0  0.4846 0   0.0701 
hex 15 5 0  0.2458 0   0.1186 
hex 15 10 0  0.9138 0   0.0172 
hex 15 15 0  0.8300 0   0.0112 
hex 15 20 0  0.2156 0   0.0957 
hex 20 2 0  0.2558 0   0.1158 
hex 20 5 0  0.2862 1   0.0025 
hex 20 10 0  0.5757 0   0.0479 
hex 20 15 0  0.3702 0   0.0697 
hex 20 20 0  0.7018 0   0.0291 
sq 3 1 0  0.9776 0   0.0170 
sq 3 2 0  0.5092 1   0.0070 
sq 3 5 0  0.3903 0   0.0529 
sq 3 10 0  0.7214 0   0.0435 
sq 5 1 0  0.0816 0   0.3445 
sq 5 2 0  0.6374 1   0.0060 
sq 5 5 0  0.5950 0   0.0280 
sq 5 10 0  0.9017 0   0.0244 
sq 5 15 0  0.4315 0   0.0341 
sq 10 1 0  0.1629 0   0.1379 
sq 10 2 0  0.2051 0   0.1298 
sq 10 5 0  0.3626 0   0.0645 
sq 10 10 0  0.6453 0   0.0332 
sq 10 15 0  0.3192 0   0.0819 
sq 10 20 0  0.4604 0   0.0733 
sq 15 1 1  0.0014 0   0.7010 
sq 15 2 0  0.1885 0   0.1912 
sq 15 5 0  0.9018 0   0.0101 
sq 15 10 0  0.3774 0   0.1652 
sq 15 15 0  0.1478 0   0.2832 
sq 15 20 0  0.3309 0   0.2153 
sq 20 2 0  0.0808 0   0.4476 
sq 20 5 0  0.2132 0   0.1822 
sq 20 10 0  0.3140 0   0.0745 
sq 20 15 0  0.2214 0   0.1032 
sq 20 20 0  0.8718 0   0.0163 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
ASPECT RATIO 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.    F     Prob>F 
---------------------------------------------------- 
  Shape      12.07     1    12.0674    3.9    0.0487 
  Post       17.79     4     4.4482    1.44   0.22   
  Gap       137.74     5    27.5474    8.91   0      
  Error    1573.83   509     3.092                   
  Total    1726.82   519                             
 
 
shape (mean +/- std err): 
hex 2.751967 +/- 0.111069 
sq 3.056641 +/- 0.111069 
pairwise differences (.01): 
pairwise differences (.05): hex-sq 
 
post width (mean +/- std err): 
3 2.517934 +/- 0.205988 
5 2.892367 +/- 0.180739 
10 2.996304 +/- 0.160520 
15 2.952058 +/- 0.160520 
20 3.162858 +/- 0.179656 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
gap width (mean +/- std err): 
1 3.832677 +/- 0.200733 
2 3.405818 +/- 0.175841 
5 2.854457 +/- 0.175841 
10 2.499852 +/- 0.175841 
15 2.333634 +/- 0.201542 
20 2.499386 +/- 0.237154 
pairwise differences (p<.01): 1-5 1-10 1-15 1-20 2-10 2-15 
pairwise differences (p<.05): 1-5 1-10 1-15 1-20 2-10 2-15 2-20 
 
 
----------------------------------------------------------------------------- 
PATTERN ELEMENTS COMPARE TO CONTROLS 
one sample t-test (p<.01) 
 
 flat gel glass 
shape sig p  sig p 
hex 0   0.8968 0   0.1050 
sq 0   0.5299 0   0.0127 
 
shape sig p  sig p 
3 0   0.7963 0   0.4407 
5 0   0.7178 0   0.0399 
10 0   0.5955 0   0.0193 
15 0   0.6462 0   0.0263 
20 0   0.4256 1   0.0062 
 
shape sig p  sig p 
1 0   0.0794 1   0.0001 
2 0   0.2431 1   0.0013 
5 0   0.7648 0   0.0520 
10 0   0.7734 0   0.4842 
15 0   0.5759 0   0.9827 
20 0   0.7728 0   0.4853 
 85 
 
----------------------------------------------------------------------------- 
PATTERN-BY-PATTERN COMPARE TO CONTROLS 
two sample t-test (p<.01) 
 
flat gel control: 2.673746 +/- 0.586081 
   glass control: 2.328402 +/- 0.234990 
 
   flat gel glass 
shape post gap sig p  sig p 
-------------------------------------------------- 
hex 3 1 0  0.5313 0   0.2210 
hex 3 2 0  0.7930 0   0.5070 
hex 3 5 0  0.7024 0   0.4321 
hex 3 10 0  0.3541 0   0.4499 
hex 5 1 0  0.2437 0   0.0469 
hex 5 2 0  0.5414 0   0.1363 
hex 5 5 0  0.8581 0   0.4266 
hex 5 10 0  0.8771 0   0.7519 
hex 5 15 0  0.5380 0   0.8742 
hex 10 1 0  0.1820 0   0.0411 
hex 10 2 0  0.5202 0   0.8387 
hex 10 5 0  0.7935 0   0.3121 
hex 10 10 0  0.2647 0   0.2451 
hex 10 15 0  0.7073 0   0.8929 
hex 10 20 0  0.2809 0   0.0963 
hex 15 1 0  0.7181 0   0.7282 
hex 15 2 0  0.4685 0   0.0706 
hex 15 5 0  0.8368 0   0.6605 
hex 15 10 0  0.4026 0   0.5539 
hex 15 15 0  0.5431 0   0.8970 
hex 15 20 0  0.3425 0   0.0423 
hex 20 2 0  0.1006 0   0.0123 
hex 20 5 0  0.6407 0   0.9139 
hex 20 10 0  0.8207 0   0.4290 
hex 20 15 0  0.5365 0   0.8909 
hex 20 20 0  0.2099 0   0.1224 
sq 3 1 0  0.7267 0   0.7734 
sq 3 2 0  0.7225 0   0.2297 
sq 3 5 0  0.8517 0   0.6345 
sq 3 10 0  0.8698 0   0.3026 
sq 5 1 0  0.1408 0   0.0640 
sq 5 2 0  0.9894 0   0.4422 
sq 5 5 0  0.9751 0   0.2886 
sq 5 10 0  0.9132 0   0.4487 
sq 5 15 0  0.7723 0   0.7590 
sq 10 1 0  0.1375 0   0.0235 
sq 10 2 0  0.0493 1   0.0073 
sq 10 5 0  0.7755 0   0.3504 
sq 10 10 0  0.8512 0   0.6289 
sq 10 15 0  0.6090 0   0.9719 
sq 10 20 0  0.5596 0   0.9446 
sq 15 1 0  0.0112 1   0.0018 
sq 15 2 0  0.2840 0   0.1217 
sq 15 5 0  0.5145 0   0.8224 
sq 15 10 0  0.7451 0   0.8030 
sq 15 15 0  0.8056 0   0.3945 
sq 15 20 0  0.6094 0   0.9752 
sq 20 2 0  0.2058 0   0.0897 
sq 20 5 0  0.1292 0   0.0445 
sq 20 10 0  0.8034 0   0.3486 
sq 20 15 0  0.8145 0   0.6810 
sq 20 20 0  0.4347 0   0.6411 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
PROPORTION OF CELL EXTENSIONS ENTIRELY ALIGNED WITH GAPS 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F     Prob>F 
----------------------------------------------------- 
  Shape    0.19575     1    0.19575     7.11   0.0094 
  Post     0.25652     4    0.06413     2.33   0.0637 
  Gap      2.17229     2    1.08615    39.47   0      
  Error    2.03613    74    0.02752                   
  Total    4.52274    81                              
 
 
shape (mean +/- std err): 
hex 0.388115 +/- 0.025929 
sq 0.485974 +/- 0.026687 
pairwise differences (p<.01): hex-sq 
pairwise differences (p<.05): hex-sq 
 
post width (mean +/- std err): 
3 0.469944 +/- 0.039098 
5 0.514500 +/- 0.039098 
10 0.417000 +/- 0.039098 
15 0.456980 +/- 0.040276 
20 0.326797 +/- 0.051959 
pairwise differences (p<.01): 
pairwise differences (p<.05): 5-20 
 
gap width (mean +/- std err): 
1 0.292897 +/- 0.035639 
2 0.350467 +/- 0.030285 
5 0.667770 +/- 0.031424 
pairwise differences (p<.01): 1-5 2-5 
pairwise differences (p<.05): 1-5 2-5 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
PROPORTION OF CELL EXTENSIONS > 50% ALIGNED WITH GAPS 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.    F     Prob>F 
---------------------------------------------------- 
  Shape    0.01992     1    0.01992    2.89   0.0932 
  Post     0.08653     4    0.02163    3.14   0.0193 
  Gap      0.08787     2    0.04394    6.38   0.0028 
  Error    0.50974    74    0.00689                  
  Total    0.71941    81                             
 
 
shape (mean +/- std err): 
hex 0.179002 +/- 0.012974 
sq 0.147783 +/- 0.013353 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 0.217278 +/- 0.019562 
5 0.170611 +/- 0.019562 
10 0.174167 +/- 0.019562 
15 0.137115 +/- 0.020152 
20 0.117791 +/- 0.025997 
pairwise differences (p<.01): 
pairwise differences (p<.05): 3-15 3-20 
 
gap width (mean +/- std err): 
1 0.201350 +/- 0.017832 
2 0.169867 +/- 0.015153 
5 0.118961 +/- 0.015723 
pairwise differences (p<.01): 1-5 
pairwise differences (p<.05): 1-5 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
PROPORTION OF CELL EXTENSIONS < 50% ALIGNED WITH GAPS 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F     Prob>F 
----------------------------------------------------- 
  Shape    0.08233     1    0.08233    13.08   0.0005 
  Post     0.00961     4    0.0024      0.38   0.8211 
  Gap      0.25503     2    0.12752    20.26   0      
  Error    0.46581    74    0.00629                   
  Total    0.8078     81                              
 
 
shape (mean +/- std err): 
hex 0.202921 +/- 0.012402 
sq 0.139458 +/- 0.012764 
pairwise differences (p<.01): hex-sq 
pairwise differences (p<.05): hex-sq 
 
post width (mean +/- std err): 
3 0.150500 +/- 0.018700 
5 0.178222 +/- 0.018700 
10 0.174278 +/- 0.018700 
15 0.177488 +/- 0.019264 
20 0.175460 +/- 0.024852 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
gap width (mean +/- std err): 
1 0.221818 +/- 0.017046 
2 0.199533 +/- 0.014485 
5 0.092218 +/- 0.015030 
pairwise differences (p<.01): 1-5 2-5 
pairwise differences (p<.05): 1-5 2-5 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
PROPORTION OF CELL EXTENSIONS NOT AT ALL ALIGNED WITH GAPS 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F     Prob>F 
----------------------------------------------------- 
  Shape    0.00021     1    0.00021     0.02   0.9007 
  Post     0.44773     4    0.11193     8.49   0      
  Gap      0.47141     2    0.23571    17.87   0      
  Error    0.97582    74    0.01319                   
  Total    1.85114    81                              
 
 
shape (mean +/- std err): 
hex 0.229981 +/- 0.017950 
sq 0.226800 +/- 0.018475 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 0.162389 +/- 0.027067 
5 0.136667 +/- 0.027067 
10 0.234611 +/- 0.027067 
15 0.228298 +/- 0.027882 
20 0.379988 +/- 0.035970 
pairwise differences (p<.01): 3-20 5-20 
pairwise differences (p<.05): 3-20 5-20 10-20 15-20 
 
gap width (mean +/- std err): 
1 0.283858 +/- 0.024672 
2 0.280267 +/- 0.020966 
5 0.121047 +/- 0.021754 
pairwise differences (p<.01): 1-5 2-5 
pairwise differences (p<.05): 1-5 2-5 
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----------------------------------------------------------------------------- 
----------------------------------------------------------------------------- 
PROPORTION OF CELL EXTENSIONS WHERE THE DISTAL END IS ALIGNED WITH A GAP 
----------------------------------------------------------------------------- 
3-way ANOVA with Tukey means analysis 
 
  Source   Sum Sq.   d.f.   Mean Sq.     F     Prob>F 
----------------------------------------------------- 
  Shape    0.00021     1    0.00021     0.01   0.9069 
  Post     0.426       4    0.1065      7.14   0.0001 
  Gap      0.47369     2    0.23685    15.88   0      
  Error    1.10351    74    0.01491                   
  Total    1.94896    81                              
 
 
shape (mean +/- std err): 
hex 0.762380 +/- 0.019089 
sq 0.765550 +/- 0.019647 
pairwise differences (p<.01): 
pairwise differences (p<.05): 
 
post width (mean +/- std err): 
3 0.834056 +/- 0.028783 
5 0.848389 +/- 0.028783 
10 0.758167 +/- 0.028783 
15 0.763850 +/- 0.029650 
20 0.615365 +/- 0.038251 
pairwise differences (p<.01): 3-20 5-20 
pairwise differences (p<.05): 3-20 5-20 10-20 15-20 
 
gap width (mean +/- std err): 
1 0.701892 +/- 0.026237 
2 0.718167 +/- 0.022295 
5 0.871838 +/- 0.023134 
pairwise differences (p<.01): 1-5 2-5 
pairwise differences (p<.05): 1-5 2-5 
 
 
 
 
 
